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Interacting fluvial and marine processes at the Waikato River mouth control 
sedimentation patterns at the sand spit. These interacting processes cause tidal 
asymmetry between the ebb and flood tide, and produce multidirectional currents, 
orientated east, west, north, north-west, and south. Depositional processes at the 
Waikato River mouth are recorded using oceanographic instrumentation, and are linked 
to their corresponding sedimentary deposits. Sedimentary bedforms on the sand spit 
include wave- and combined-flow ripples and dunes, and planar bedding, produced 
from interacting fluvial and wave currents. Despite tides directly controlling sediment 
deposition, tides manifest as rising and falling water levels, affecting current magnitude 
and velocity, but are not directly indicated in terms of “tidal” sedimentary structures. 
Preservation potential of bedforms are low, with the sedimentary recorded dominated 
by structureless sand, from rarely occurring low flow velocity periods in the early- to 
mid-ebb tide. The Waikato River mouth is classified as wave-dominated, fluvially 
influenced and tide affected (Wft). 
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The fluvial-to-marine transition (FMT) has become one of the most studied depositional 
zones from a sedimentological, ichnological, and stratigraphic standpoint. It is a 
complex region where the interactions between fluvial-alluvial and marine processes 
result in significant variability in physical and chemical conditions that affect 
sedimentation patterns and infaunal distributions. Sedimentological facies models are 
built from the prevailing physical sedimentological and ichnological aspects within 
these environments, using modern observations as their background. Currently, facies 
models fail to adequately capture all the processes and depositional products occurring 
within the FMT, where mixing of river flow, tides and waves is dynamic, with changing 
conditions over short time scales (hourly, daily, and annually). 
 
Despite being the longest river in New Zealand, information on the Waikato River 
mouth is limited, particularly with regards to its morphology, infauna and 
sedimentology. This thesis focuses on the sediments deposited at the intertidal portion 
of the sand spit at the mouth of the Waikato River with the purpose of answering the 
following questions: 
 
1) Can depositional processes be recorded using oceanographic instrumentation 
and linked to the corresponding sedimentary deposits? 
 
2) Is the sedimentary record biased towards certain processes operating at specific 
timeframes? 
 
These questions will be answered by characterising the sedimentology and ichnology of 
the mouth of the Waikato River, and using oceanographic data to build process-
response linkages. This thesis is written in “paper format” and is divided into three 
chapters. Chapter one provides background information on sedimentology and 
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ichnology of shallow marine and river mouth environments. Chapter one also presents a 
review on the current state of knowledge regarding the Waikato River. Chapter two 
presents the study area, methods employed, and the research data collected in this study. 
Lastly, chapter three summarises the findings of this thesis, and how they address the 
research questions. 
 
1.2 Background Literature 
 
1.2.1 Facies Models 
 
Facies models have long been under development and refinement. As noted by 
Dalrymple (2010a), the term facies was first created by Gressly (1838), to describe the 
lithology and paleontology of a stratigraphic unit. Although, today the term facies is 
used to describe a rock body that is different from those surrounding it, in regards to its 
lithology, and physical and biological structures (Dalrymple, 2010a). One of the first 
uses of facies models were to aid in predicting and identifying the distribution and 
arrangement of depositional units (e.g. Potter, 1959). The ‘Facies Models’ books were 
first developed by Walker (1979), in which facies models were created and used for a 
range of depositional environments. The facies-analysis approach is in widespread use 
by sedimentary geologists to interpret the sedimentary record. For this reason, facies 
models have been further developed by Walker (1984), Walker and James (1992), 
Posamentier and Walker (2006), and James and Dalrymple (2010), to update the 
material and methods used, as hundreds of geologists across the decades have 
progressed the research on depositional processes and environments. 
 
1.2.2 Coastal Depositional System Classification Based on the Sedimentary 
Record 
 
Coastal depositional environments are classified based on the dominant physical 
processes that affect the morphology of the shoreline shown in Figure 1.1. The relative 
influence of waves and tides are measured on the horizontal axis, and relative fluvial 




Figure 1.1: Ternary diagram of coastal classification modified from Boyd et al. (1992) after 
Dalrymple et al. (1992). 
 
In this research, three coastal environments are of interest; strandplain shorefaces, 
deltas, and estuaries. Strandplains are not influenced by rivers and are dominated by 
wave energy, whereas estuaries and deltas form at rivers mouths as a result of 
interactions between long term sediment supply (to the basin) and available 
accommodation space. If the rate of sediment supply is greater than the creation of 
accommodation space, a delta forms and there is net regression of the shoreline. By 
contrast, if the creation of accommodation space is greater than the rate of sediment 
supply, then an estuary forms and there is net transgression of the shoreline (Boyd et al., 
1992; Prothero & Schwab, 2004). As indicated by the top triangle of Figure 1.1, deltas 
are dominated by river power, whereas, estuaries form the centre trapezoidal area, on 
wave- or tide-dominated shorelines (Boyd et al., 1992; Dalrymple et al., 1992). A 
wave-dominated coast is described as “those where wave action causes significant 
sediment transport and predominates over the effect of tides” (Heward, 1981, p. 223), 
and a similar definition can be applied for tide-dominated coasts. 
 
The first depositional environment of interest, strandplains, are shore-parallel sand 
bodies containing beaches and dunes (Boyd et al., 1992). The strandplain shoreface is 
permanently subaqueous, comprising the zone between mean low tide and the lower 
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limit of fair-weather wave base (approximately 10 m deep), and the foreshore is an 
intertidal zone above the low tide mark (Figure 1.2). 
 
There are three sections of the shoreface, each of which contain different physical and 
biogenic sedimentary characteristics: upper, middle, and lower. The upper shoreface is a 
high energy environment with breaking waves and offshore-directed currents (Figure 
1.2). The upper shoreface comprises well sorted cross-bedded sand, shore elongated 
sand bars, and trace fossils attributed to the Skolithos Ichnofacies (MacEachern et al., 
2010; Plint, 2010). The foreshore is dominated by wave action and comprises planar 
laminated sands, and trace fossil assemblages of the Skolithos Ichnofacies (MacEachern 
et al., 2010; Plint, 2010). 
 
 
Figure 1.2: Schematic of the shoreface and beach profile. Showing the shoreface depositional 
environments (zones), wave zones, fair-weather wave base (FWWB), and low tide and high tide 
marks. Modified from Dashtgard et al. (2012). 
 
Deposition on the shoreface is also affected by storm events. These storm deposits, 
known as tempestites, consist of swaley cross-stratified (SCS) and hummocky cross-
stratified (HCS) structures (Dumas & Arnott, 2006; Plint, 2010). Storms do not 
represent the ambient conditions within the environment, although can be used to infer 
the intensity or frequency of storm activity, or both, based on the relative amount of 
tempestites present. Hence, shorefaces can be described as either strongly storm-
dominated, comprising almost entirely storm beds; moderately storm-dominated, 
comprising laminated-to-burrowed sequences (lam-scram); or, weakly storm-influenced 
with bioturbated fair-weather deposits and little to no preserved tempestites (Plint, 
2010). 
 
With increasing proximity to river mouths, shorefaces pass along strike into deltas and 
estuaries (Figure 1.3). The influence of freshwater and river-derived sediment increases 




Figure 1.3: Coastal depositional environment classification on both prograding and 
transgressive coasts. Showing increasing tidal power towards the left, and increasing wave 
power to the right. Modified from Boyd (2010) after Boyd et al. (1992). 
 
Deltas are characteristic of prograding shorelines (Figure 1.3), where their deposits 
build out over (geological) time, forming progradational successions where more 
proximal deposits overlie distal deposits (Dalrymple & Choi, 2007). The morphology 
and characteristics of deltas depend on the interactions between waves, storms, tides and 
fluvial input (Boyd et al., 1992). Galloway (1975) developed a morphological 
classification of deltas based on the distribution and shape of sand bodies at the delta 
front. Galloway’s classification defines deltas as either river-, wave- or tide-dominated, 
although, most deltas are of mixed-influence.  
 
The delta front is controlled by marine processes (waves and tides), and the relative 
density of fluvial input (combined freshwater and sediment) with respect to the water in 
the receiving basin. Fluvial input is either more dense (hyperpycnal), less dense 
(hypopycnal), or of equal density (homopycnal) to the receiving basin water. 
Hyperpycnal flow is usually the result of a high suspended sediment load (36-43 kg m-3) 
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and can occur during high river flow conditions such as in floods, or from small- to 
medium-size rivers (with annual discharge of 380-460 m3 s-1), particularly if draining 
steep slopes (Mulder & Syvitski, 1995; Mulder et al., 2003). Hypopycnal conditions are 
most common at the mouths of rivers flowing into marine basins, where the river flows 
at the water’s surface, depositing fine sediment from suspension to form very gentle 
delta front slopes (Mulder et al., 2003). Lastly, homopycnal flow is most common in 
lacustrine deltas, or coarse-grained marine deltas. The river flow rapidly decelerates and 
deposits sediment to form discrete topset, foreset and bottomset beds (i.e., "Gilbert 
deltas"; Mulder et al., 2003). 
 
From a geographical perspective, deltas can be divided into three main zones: delta 
plain, delta front, prodelta (Bhattacharya, 2010). The delta plain is relatively flat and is 
the zone including the permanently subaerial (exposed) through to the low tide mark 
(intertidal). The delta front is the deltaic equivalent to the strandplain shoreface, being 
the zone between low tide and the lower limit of fair-weather wave base. The delta front 
is a seaward dipping shoreface or bar-front that is sand-, or gravel-dominated, and may 
contain mud if it is tide-influenced. The prodelta is situated the furthest offshore, with 
lower energy, and is mud-dominated. Thus, vertical facies successions in deltas are 
characterised by coarsening (or sanding) upwards from the mud-dominated prodelta to 
sand-dominated delta front and delta plain. 
 
In contrast, estuaries reflect either net transgression (by relative sea level rise) or low 
sediment supply to the coast, and so have retrogradational stacking patterns as they are 
infilled with the creation of accommodation space (Dalrymple et al., 1992; Dalrymple 
& Choi, 2007). An estuary is defined sedimentologically in terms of sedimentary facies 
distributions, and is defined by Dalrymple et al. (1992) as:  
The seaward portion of a drowned valley system which receives sediment from 
both fluvial and marine sources and which contains facies influenced by tide, 
wave and fluvial processes. The estuary is considered to extend from the 
landward limit of tidal facies at its head to the seaward limit of coastal facies at 
its mouth (p. 1132).  
 
Similar to deltas, estuaries are morphologically classified based on the dominant 
processes controlling sedimentation, with either wave- or tide-dominated end members 
(Dalrymple et al., 1992). Fluvial influence is also a major characterisation factor, 
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although Dalrymple et al. (1992) state that including a river-dominated category is 
unnecessary as the influence of a river does not alter the morphology of an estuary, only 
the rate at which the estuary infills. However, Cooper (1993) argues that a river-
dominated classification should exist, where, fluvial discharge dominates over wave and 
tidal influence. Cooper (1993) describes that the morphology of a river-dominated 
estuary is characterised by shallow water levels, and that the fluvial influence extends to 
the mouth of the estuary, influencing the sedimentary record. 
 
The hydrodynamics of FMT areas are exceedingly complex due to the interactions 
between fluvial and marine processes (Dalrymple & Choi, 2007). The energy levels in 
an estuary, are a sum of the tide, waves and river, and these vary spatially and 
temporally. Dalrymple et al. (1992) describe three main zones of an estuary based on 
relative energy (Figure 1.4A): (1) a river-dominated inner zone; (2) a relatively low-
energy central zone, where river currents and marine energy (generally tidal currents) 
are approximately balanced; and (3) a marine-dominated (by waves or tides) outer zone. 
These zones correspond to net bedload transport direction and influence deposition of 
sediments and corresponding sedimentary facies (Figure 1.4B & C; Dalrymple et al., 
1992). 
 
Barriers (Figures 1.3 & 1.4) also form during transgression and may intersect estuary 
mouths along shore, separating it from the marine environment. Boyd et al. (1992) 
define a barrier as an “elongate, shore-parallel sand body which may consist of a 






Figure 1.4: (A) energy distribution, (B) morphology, and (C) longitudinal sedimentary facies, in 
a tide-dominated estuary (left) and wave-dominated estuary (right) modified after Dalrymple et 
al. (1992). 
 
1.2.3 Burrowing Infauna 
 
Ichnology is the study of biogenic structures produced by organisms burrowing the 
sediment they inhabit. Bioturbation disrupts the sediment, leaving behind structures 
such as tracks, trails, and burrows (MacEachern et al., 2010). Neoichnology is the study 
of modern trace-making organisms, and the present-day relationship between traces and 
the sediment (MacEachern et al., 2010). Burrowing organisms are very sensitive to their 
environment, and their traces reflect their behaviours, and provide information about the 
physical and chemical environmental conditions that physical sedimentology cannot 
(e.g. salinity, temperature and oxygen; MacEachern et al., 2010). 
 
Ichnofacies are recurring trace fossil assemblages that are characteristic of animal-
sediment responses to the depositional environment (Figure 1.5; MacEachern et al., 
2010). Traces typical to FMT zones are formed by marine organisms who have evolved 
to withstand lowered and variable salinity (i.e., brackish-water conditions; Dalrymple & 
Choi, 2007; La Croix et al., 2015). Environmental conditions in the FMT are 
biologically stressful due to freshwater input, reducing salinity, subaerial exposure, 
daily and seasonal energy and temperature changes, and often high water-turbidity and 
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variable sedimentation rates. Hence, most organisms burrow into the substrate where 
conditions are generally more stable (Dalrymple & Choi, 2007). Burrows in brackish-
water settings are generally small and the population density is variable, with patchy 
distributions of areas of high densities of a single species, and an overall reduction in 
trace diversity (Dalrymple & Choi, 2007; Gingras et al., 2011). The trace-making 
organisms are small and create simple structures of which common structures include 
Skolithos, Thalassinoides, Arenicolites, Cylindrichnus, Gyrolithes, and Planolites 
(Figure 1.5; Gingras et al., 2011). 
 
 
Figure 1.5: Distribution of marine ichnofacies, and their common trace fossils and trace fossil 




1.3 Regional Context of the Waikato River Catchment 
 
1.3.1 The Waikato River  
 
At 425 km long, the Waikato River, is the longest river in New Zealand and drains a 
catchment area of 14, 260 km2 (Manville, 2002; Williams, 2017). The headwaters of the 
Waikato are located at Mt Ruapehu in the central region of the North Island. Streams 
originate at the mountain and first join with the Tongariro River before flowing in to 
Lake Taupo, the largest freshwater lake in the Southern Hemisphere (Brown, 2010; 
Williams, 2017). From the northern outlet of Lake Taupo, the Waikato River proper 
flows north through the Waikato Region, debouching at Port Waikato into the Tasman 
Sea (Figure 1.6). The Waipa River is the largest tributary, which drains a catchment 
area of 3, 060 km2 and joins the Waikato River at Taupiri Gap in Ngaruawahia 
(Manville, 2002; Williams, 2017). 
 
Mean annual river discharge of the Waikato River is approximately 600 m3 s-1 (Jones & 
Hamilton, 2014). The Waipa River contributes approximately 20% of the total river 
flow (90 m3 s-1), and because it has not been dammed, high flows occur in the Lower 






Figure 1.6: Waikato River and Waipa River in central North Island, New Zealand. Paleo 
Waikato River course adapted from Manville & Wilson (2004). (Image Source: USGS). 
 
1.3.2 Geological History of the Waikato River 
 
Volcanic activity in the Taupo Volcanic Zone (TVZ) has had a strong influence on the 
course of the Waikato River throughout its history. Prior to the Oruanui eruption       
(25, 360 ± 160 BP; Vandergoes et al., 2013), the ancestral Waikato River flowed from 
ancestral Lake Huka in the centre of the North Island, north through the Hauraki Plains, 
towards the Firth of Thames (Figure 1.6; McCraw, 2011). The ancestral Waikato River 
debouched into the Pacific Ocean, seaward of Great Barrier Island, as sea level was 
more than 100 m lower than present (Manville & Wilson, 2004; Williams, 2017), 
whereas the Waipa River originated at headwaters in the greywacke rocks of the 
Rangitoto Range and continued down to its mouth at Port Waikato (Williams, 2017). 
The Taupo Volcano’s Oruanui eruption destroyed Lake Huka and formed the northern 
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half of Lake Taupo. Eruption debris blocked the outlet, causing the Lake’s water level 
to rise, until erosion of the dam led to overflow and flooding of approximately 80 km3 
of water into the Waikato River (McCraw, 2011). The floodwaters carried large 
amounts of the volcanic sediment, and the Waikato River became a wide and shallow 
braided river (Manville & Wilson, 2004). At the Hinuera Disjunction, the Waikato 
River overtopped its divider with the Maungatautari gorge, to form its modern course 
through the Hamilton Basin towards Port Waikato (Manville & Wilson, 2004; McCraw, 
2011). Volcanogenic alluvium, known as the Hinuera Formation, was deposited from 
the braided river in both the Hamilton Basin and Hauraki Plains, and comprises 
rhyolitic, pumiceous and ignimbritic sands and gravels (Hume et al., 1975; Manville & 
Wilson, 2004). It is not known, whether the river suddenly avulsed towards the 
Hamilton Basin, or flowed along both courses simultaneously, with eventual 
abandonment of the channel through the Hauraki Plains, and establishment of its 
modern single-channel course through the Hamilton Basin to adjoin to the Waipa River 
at Ngaruawahia and debouch at Port Waikato (Manville & Wilson, 2004; McCraw, 
2011).  
 
The later, A.D. 232 (Hogg et al., 2012) eruption from Lake Taupo produced a dam of 
pyroclastic material, blocking the Waikato River entirely (Manville, 2002). Dam 
collapse resulted in flooding of the lower catchment, carrying large volumes of 
volcaniclastic sediment, predominantly comprising pumice (Wo, 1994). These 
pumiceous deposits are the Taupo Pumice Alluvium, approximately 30 m thick, and 
make up the lowermost terraces in the Hamilton Basin (Lowe, 2010). 
 
1.3.3 Anthropogenic Impacts on the Waikato River 
 
Settlement by Māori (~1280 AD) and Europeans (1642 AD) in New Zealand (Lowe, 
2008), altered the Waikato River catchment area and disturbed its flow characteristics, 
primarily as a result of deforestation. Prior to human settlement, 85-90% of New 
Zealand was covered by native vegetation (Glade, 2003). Significant areas of land were 
deforested which resulted in an overall increase in river discharge. Wetlands and 
shallow lakes on the flood plain of the Lower Waikato River were drained, resulting in 
the larger flood flows due to loss of water storage (EW, 2008). The Lower Waikato 
Flood Protection Scheme was developed in the late 1950’s to combat the increase in 
flood flow in the Lower Waikato River (EW, 2008). The scheme increased water 
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storage in the catchment by retaining Lake Waikare and the Whangamarino wetland, 
creating stopbanks, pump stations and flood gates, and narrowing the lower river 
(Fenton, 1989; EW, 2008). 
 
Currently, approximately 2, 900 m3 s-1 of water is allocated for use in the Waikato 
catchment (Brown, 2010). Almost all of this water is recycled back into the river, with 
approximately 70 m3 s-1 being consumed (e.g. for irrigation and city supply; Brown, 
2010). 
 
1.3.3.1 Hydroelectric Dams 
 
In the early- to mid-twentieth century, New Zealand began to develop hydroelectric 
power. Eight dams were constructed along the Waikato River between the 1930’s and 
1960’s, from Lake Taupo through to Karapiro (Figure 1.6; EW, 2008). 
 
Artificial lakes in the North Island trap 0.62 Mt of sediment per year, a large proportion 
of which is from hydropower reservoirs on the Waikato River (Hicks et al., 2019). 
Damming of the Waikato River has thus decreased sediment supply to the Lower 
Waikato, which has caused degradation of the river bed (Fenton, 1989). 
 
1.3.3.2 Sand Extraction for Mining 
 
Sand extraction has been occurring in the Lower Waikato since the 1950’s (Fenton, 
1989; EW, 2008). The total volume of sand extracted from the Waikato River since the 
early 1950’s to late 1980’s was 13 x 106 m3 (Fenton, 1989). Currently 1.2 Mt of sand is 
extracted from the Waikato North Head Mine Site per year (NZ Steel, 2020). Sand 
extraction has resulted in lower elevations of the river bed and water height, draining of 
wetlands, lowered lake levels adjacent to the river, and flooding in the region (Fenton, 
1989; EW, 2008). 
 
1.3.4 Weather and Climatic Setting 
 
Rainfall distribution in New Zealand is predominantly controlled by topography and the 
prevailing westerly winds (Brown, 2010). The greatest amount of rainfall in the 
Waikato River catchment occurs on the slopes of Mt Ruapehu with an annual average of 
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3, 200 mm (EW, 2008). The catchment experiences a mean annual rainfall of                
1, 150 mm and 1, 120 mm at the Ruakura and Taupo recording stations, respectively 
(Brown, 2010). Long term rainfall trends are controlled by El Niño-Southern Oscillation 
cycles, as well as seasonal patterns, in which the largest amount of rain is experienced 
in July (winter) and the least amount of rain in February (summer) (Brown, 2010). 
 
New Zealand is classified in the warm temperate, fully humid climate zone, Cfb, under 
the Köppen Climate Classification. New Zealand typically has no dry periods year-
round, and has a warm summer, and for at least four months of the year, the temperature 
has a threshold value of 10 °C (Kottek et al., 2006). 
 
1.3.5 Sub-surface Geology of the Waikato River Catchment 
 
Underlying geology influences river flow through its varying infiltration characteristics 
(Brown, 2010). The catchment area of the Waikato River between Taupo and Karapiro 
is mostly composed of volcanic material such as pumice, ignimbrite, and volcanic ash 
(Brown, 2010). From Karapiro to Ngaruawahia the geology comprises pumiceous sands 
and gravel with some clay and peat (Fenton, 1989). From Ngaruawahia through to Port 
Waikato (the Lower Waikato zone), the underlying geology is dominated by Late 
Eocene-Oligocene sediments (Te Kuiti Group) in the west (Brown, 2010; Fenton, 
1989), with peat and alluvial deposits in the low-lying areas (Fenton, 1989). Rainfall 
rapidly infiltrates volcanic material adding to groundwater stores, sustaining base flow, 
and reducing flood flows (Brown, 2010). Conversely, the Oligocene sediments have a 
smaller infiltration rate, making the Lower Waikato River more sensitive to rainfall, 
resulting in a lower base flow (especially in periods of low rainfall), and larger flood 





Figure 1.7: Hydrographs of the Waikato River’s six largest flood peaks at Ngaruawahia (1958-
2008). Modified from Brown (2010) after Mighty River Power (2001). 
 
1.3.6 Sediment in the Waikato River 
 
Suspended sediment is fine-grained sediment (silt and clay) that is held in suspension, 
and bedload is coarser-grained sediment that is not held in suspension and travels along 
the riverbed. Erosion of sediment from a catchment is the greatest source of suspended 
sediment to a river (Hughes, 2015), and disturbance of catchments by humans has likely 
increased the amount of suspended sediments in New Zealand rivers (Hughes, 2015). 
The main transport methods of sediment to the Waikato River are, hillslope erosion, 
mass movement and stream bank erosion (Hughes, 2015). 
 
Bedload sediment in the Waikato River comprises poorly sorted coarse-grained 
pumiceous sands and gravels (Fenton, 1989; Wo, 1994). Bedload sedimentation rate in 
the Lower Waikato river bed is estimated to be 2.8 mm yr-1 since the Taupo eruptions 
(Fenton, 1989). Gravel dominates the river bed up to approximately 100 km from the 
river mouth, after which sand dominates (Wo, 1994). Bedload transport was estimated 
to be 180, 000 m3 yr-1 between 1975 and 1989, which has most likely decreased as a 




Environment Waikato (EW, 2008) studied the suspended sediment in the Waikato River 
and identified that the catchment area mostly comprises pasture (62%), planted forest 
(19%), and indigenous forest (10%). This study showed that the land under pasture is 
more susceptible to erosion than forested land. Exposed soil comprises 1% of the 
catchment and easily erodes during rainfall events. Approximately 40% of the total 
catchment area is susceptible to erosion (EW, 2008). Measured rates of erosion in the 
Lower Waikato showed some variability between 7-30 tonnes per hectare of topsoil on 
cropping land. Not all suspended sediment reaches the river mouth; some gets stored 
within the catchments, for example by floodplain or in-channel deposition, although 
there is insufficient data to quantify this (Hughes, 2015). 
 
Sediment yield is the mass of sediment transported past a marker point in a river per 
unit time. Variations in sediment yield are mostly a factor of rainfall in the river 
catchment and corresponding changes in runoff, mean slope, land-cover and smaller 
factors including the underlying geology (Hughes, 2015). The mean annual suspended 
sediment yield of the Waikato River at Rangiriri, and in the Waipa River at Whatawhata 
are 21 t km-2 y-1 and 60 t km-2 y-1, respectively (Hoyle et al., 2012). More recently, 
Hicks et al. (2019) developed a hydrological model to estimate the suspended sediment 
load at the Waikato River mouth as 0.38 Mt yr-1. 
 
1.4 Geology of the Port Waikato Region 
 
The Port Waikato region overlies a sequence of Jurassic, Late Eocene-Oligocene strata, 
and unconsolidated Pleistocene sands (Figure 1.8; Barker et al., 2016). Jurassic strata at 
Port Waikato include those of the Murihiku Terrane: Upper Puti Siltstone, Coleman 
Conglomerate, Waikorea Siltstone, and the Huriwai Formation (Challinor, 2001; Barker 
et al., 2016). The Jurassic strata were folded between 142-99 Ma to form the Kawhia 
Syncline that plunges north-north-west, and is bordered by the Kawaroa Anticline to the 
west (Figure 1.8; Challinor, 2001; Barker et al., 2016). The Waikato Fault trends north-
northeast, downthrowing to the north, with an offset of 2.7 km at Port Waikato (Rodgers 
& Grant-Mackie, 1978). The Oligocene Te Kuiti Group unconformably overlies and is 
faulted against Jurassic strata, both of which are overlain by Early Miocene Waitemata 
Group and ultimately unconformably overlain by Pleistocene sands (Tripathi & Kamp, 
2008; Kamp et al., 2014; Barker et al., 2016). The Te Kuiti Group comprises 
limestones, sandstones and conglomerates, formed by deposited marine sediment as 
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New Zealand was inundated by marine water, approximately 40 Ma (Kamp et al., 
2014). The Te Kuiti Group has since been uplifted, tilted approximately 4°, and eroded 
(Barker et al., 2016). Cretaceous and Eocene rocks are not present at Port Waikato, due 




Figure 1.8: Geology and structural features of the Port Waikato region. Modified after Barker 
et al. (2016) and Edbrooke (2005).  
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1.5 The Coastal Setting of Port Waikato 
 
1.5.1 Estuarine Classification in New Zealand 
 
Pritchard (1967) developed a widely used oceanographic definition of an estuary as “a 
semi-enclosed coastal body of water in which sea water is measurably diluted by fresh 
water derived from land drainage”. 
 
Estuarine classification in New Zealand is based on the oceanographic definition. Hume 
et al. (2007) created an estuarine classification system in New Zealand based on their 
definition of an estuary - a modification of Pritchard’s (1967) definition. Thus, Hume et 
al. (2007) define an estuary as, 
a partially enclosed coastal body of water that is either permanently or 
periodically open to the sea in which the aquatic ecosystem is affected by the 
physical and chemical characteristics of both runoff from the land and inflow 
from the sea (p. 908). 
 
Hume et al. (2007) used this definition to classify every estuary in New Zealand; the 
Estuary Environment Classification (EEC) system. The EEC defines eight types of 
estuaries based on the following four levels: (1) regional climate and oceanic processes, 
(2) hydrodynamics (function of tides, freshwater discharge and ocean waves), (3) 
catchment processes (function of geology and landcover), and (4) local hydrodynamics 
in sub estuary (sediment deposition and erosion). Most of the estuaries on the west coast 
of the North Island are bar-built estuaries, with a sand bar or barrier-island, protecting 
the main estuary from the ocean (Mead & Moores, 2005). 
 
The Waikato River mouth is classified under the EEC as a Category C estuary, a tidal 
river mouth (Hume et al., 2007). Hume et al. (2007) describe that a tidal river mouth is 
dominated by river flow, where the volume of river flow is larger than the tidal volume. 
The main river channel is well flushed of saline water, although, a salt wedge can 
develop in which the freshwater discharging from the river flows above the saline 





1.5.2 Morphology of the Waikato River Mouth 
 
Downstream of Mercer, the Waikato River develops into a meandering river, and the 
main channel bifurcates into several smaller channels (anastomosing) for approximately 
10 km before entering the bay head delta. The bay head delta comprises elongated 
deposits, and is the widest part of the river mouth area, located approximately 6 km 
from the tidal inlet and extending 9 km inland (Jones & Hamilton, 2014). 
 
Seaward of the bay head delta, is a central basin along a major river bend before a sand 
spit as the river turns northward (Figure 1.9). Sand spits and tidal inlets are common 
features on wave-dominated shorelines. The spit shelters the water behind from waves, 
helping to form a lower-energy central basin (Figures 1.4 & 1.9; Dalrymple et al., 1992; 
Hume et al., 1992). Sediments forming the sand spit at Port Waikato are derived from 
the south, as the littoral drift pattern (i.e. longshore current) travels north (Hume et al., 
1992). The intertidal portion of the sand spit is incised by smaller channels from the 
river, and on occasion cut all the way through. The entire tidal prism is forced to pass 
through the inlet, and so strong currents pass through it. Often in estuaries, tidal deltas 
form on either side of a tidal inlet by waves depositing sand in the main channel which 
is then redistributed by the tidal currents (Masselink et al., 2011). The ebb (outgoing) 
currents transport sediment seaward to form an ebb-tidal delta on the seaward side of 
the inlet, and the flood currents transport the sediment landward to form a flood-tidal 
delta on the landward side of the inlet. However, at the Waikato River mouth, there are 




Figure 1.9: Morphological features of the Waikato River mouth. (Image Source: Google Earth, 
2019). 
 
1.5.3 Tides in Estuaries 
 
Tides have the largest influence in the outer zone of an estuary. Tides are mostly 
controlled by gravitational and centrifugal forces caused by the moon and sun, thus 
there are two ‘tidal waves’ on the earth (Dalrymple, 2010b; Pinet, 2019). The flood tide 
is the incoming tidal wave, and increases water level, whereas the ebb tide is the 
outgoing tidal wave, and decreases water level (Dalrymple, 2010b). Spring tides and 
neap tides occur twice monthly, and respectively occur when the moon, earth and sun 
are in line with one another, and when the sun and moon are at right angles to one 
another. Spring tides produce a larger tidal range (difference between low and high tide) 
and stronger tidal currents, whereas neap tides produce a smaller tidal range and weaker 
tidal currents (Pinet, 2019). 
 
Tidal current speeds change systematically, both over a tidal cycle and spring-neap 
cycles, and have a strong influence on tidal sedimentation. Current speeds of the 
standing tidal wave are at their slowest at high and low tide, and so, fine-grained 
sediment (mud) is typically deposited from suspension (Dalrymple, 2010b). Current 
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speeds are greatest during the middle of each ebb and flood tide, and fine sediment is 
resuspended or prevented from settling, leaving coarser (sandy/silty) sediment on the 
sea floor. These coarse layers have no internal structures if deposited from suspension, 
or can be cross-laminated if deposited during peak current speeds (Dalrymple, 2010b). 
These coarse and fine layers form alternating horizontal laminations that show the 
cyclic and systematic changes in tidal current speed (Dalrymple, 2010b).  
 
1.5.3.1 Measured Tides at Port Waikato 
 
New Zealand has semidiurnal tides, where the period for one tidal cycle is slightly 
longer than 12 hours (Dalrymple, 2010b; Pinet, 2019). Tidal ranges in New Zealand 
estuaries (including the Waikato River mouth) are generally between 2 and 4 metres 
(Jones & Hamilton, 2014), and so are classified as mesotidal (Dalrymple, 2010b; Pinet, 
2019). 
 
At the Waikato River mouth the flood tide propagates up the river channel. The tidal 
prism is measured as 35.637 x 106 m3, and so the tide has a minor effect at Mercer 
during periods of low river flow (Jones & Hamilton, 2014; Greer et al., 2016). The tidal 
influence is based upon measured water level, and from this the tidal limit is determined 
to occur at Mercer (Figure 1.6; approximately 35 km from the river mouth). 
 
Salt water transported into the river mouth from the Tasman Sea with the rising tide 
reaches approximately 10 km inland from the tidal inlet during neap tides, and 13 km 
during spring tides (Jones & Hamilton, 2014). Jones and Hamilton (2014), used a CTD 
(conductivity, temperature, depth) probe to identify a significant variability in 
temperature and salinity, both laterally and longitudinally. Jones and Hamilton (2014) 
identified a distinct salt water wedge in the lower estuary, whereas upstream, there is 
little vertical variability in salinity, indicating that the water is well mixed. 
 
1.5.4 Estuarine Sedimentation 
 
The interactions between fluvial and marine processes in estuarine environments lead to 
complexity in sedimentation. Estuaries act as basins for terrigenous sediment delivered 
by rivers, and marine sediment by the waves and tides (Mead & Moores, 2005; 
Semeniuk, 2016). Tides are a steady source of energy for sediments entering and exiting 
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an estuary, whereas waves cause resuspension of fine sediment which can then be 
delivered into an estuary by the incoming tide (Mead & Moores, 2005; Hume et al., 
2007). The energy of a flow decreases in the direction that it is travelling, resulting in 
both the volume and grain size of sediment to decrease with distance from the source of 
the flow (Dalrymple & Choi, 2007). Therefore, in general, the coarsest grains are 
located in the upper and lower estuary, and the finest grains in the central basin at the 
bedload of convergence (Figure 1.4; Mead & Moores, 2005; Dalrymple & Choi, 2007). 
The turbidity maximum zone (TMZ), occurs where freshwater and saltwater mix. At the 
TMZ, the volume of suspended sediment is greatest, and sedimentation is increased by 
flocculation, where fine particles (silt and clay) combine to increase in size and settle 
out of the water column (Mead & Moores, 2005; Dalrymple & Choi, 2007). 
 
There is no sedimentation data for the Waikato River mouth, although other west coast 
estuaries in the North Island have been investigated. For example, 50-80% of sediment 
input to Raglan harbour (south of Port Waikato) is terrigenous (catchment) derived 
sediment (Mead & Moores, 2005). Mead and Moores (2005) state that river catchments 




Both the longest river in the country and draining the largest catchment area in New 
Zealand, the Waikato River’s course towards Port Waikato first began approximately  
26 ka, as a result of the collapse of a pyroclastic dam at Lake Taupo. The Waikato River 
catchment is underlain by volcanic and Oligocene sediment, with the bedload being 
dominated by coarse pumiceous sands. Discharge of the Waikato River is strongly 
controlled by a series of dams between Taupo and Karapiro. Additionally, mining in the 
lower catchment resulted in a lowering of the riverbed and drainage of wetlands, with 
the result that the Lower Waikato is strongly susceptible to floods. 
 
The geology of the Port Waikato region comprises Jurassic strata, Te Kuiti Group 
limestones, sandstones and conglomerates, and Pleistocene sands, each unconformably 
overlying the other. The region has been subject to faulting and folding, with Jurassic 
strata being folded to form the Kawhia Syncline flanked by the smaller Kawaroa 
Anticline and Kaimango Syncline, and the terrane bounding Waikato Fault striking 




Under the EEC, the Waikato River mouth is classified as a tidal river mouth estuary. 
The river mouth area contains characteristic features of a wave-dominated estuary, with 
a sand spit barrier, and bay head delta; however, being the largest river in New Zealand, 
there is significant fluvial influence in the estuary. The hydrodynamics of the river 
mouth are dominated by river discharge, and has as tidal range of 2-4 metres. Little 
research has been undertaken about the Waikato River mouth, so interpreting data on 
the sedimentology, ichnology and hydrodynamics of the area will be extremely useful 
for providing baseline data and comparison to the river’s already measured suspended 
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Process Sedimentology of the Waikato River 




Nearshore and shallow marine depositional systems are well studied from a 
sedimentological and stratigraphical point of view. Depositional processes determine 
the geometry and connectivity of sand bodies, which are important for the exploitation 
of hydrocarbons (Ainsworth et al., 2011), groundwater (Kostic et al., 2005), and carbon 
storage (La Croix et al., 2019b). In siliciclastic shallow marine environments, 
deposition of sediment is controlled by the interplay between fluvial and marine (e.g. 
tides, waves, longshore currents) processes. Physico-chemical variability, caused by 
these interactions, affect sedimentation patterns and the distribution of burrowing 
infauna (Dashtgard, 2011). 
 
Sedimentological facies models (Galloway, 1975; Boyd et al., 1992) have been created 
to describe how depositional processes in nearshore and shallow marine settings are 
recorded in the sedimentary record. However, facies models serve as a norm for 
comparison and may not capture the short-term (hours to days) complexity of 
dynamically changing processes in mixed-energy environments (Rossi & Steel, 2016). 
More recent developments in sedimentological facies models by Ainsworth et al. (2011) 
focus on using depositional processes as recorded in sedimentary (and biogenic) 
structures to predict geomorphology in coastal settings. Their models rely on process-
response linkages and require that all processes are equally recorded in the sediments. 
Given that modern sedimentary environments are used widely as analogues for the rock 
record (Gingras et al., 1999; Smith et al., 2009; Dashtgard et al., 2012a; La Croix et al., 
2019a) it is reasonable to test the extent to which processes can be inferred from 
deposits. The details of preservation potential of physical processes on short timescales 
in modern sedimentary environments needs to be examined in order to improve the 





Although, published studies of modern nearshore and shallow marine environments are 
increasingly available, only a few of these (e.g., Ayranci et al., 2012; Fricke et al., 
2017; Gugliotta et al., 2017; Ayranci & Dashtgard, 2020; Choi et al., 2020) link 
quantified measurements of hydrodynamic processes to the sedimentological and 
ichnological character of the deposits. The aim of this study is, therefore, to examine 
whether depositional processes recorded using oceanographic instrumentation can be 
linked to the corresponding sedimentary deposits, and to determine whether the 
sedimentary record is biased towards certain processes operating at specific timeframes. 
These aims will be addressed by comparing sediment cores with real-time 
oceanographic measurements of the physical and chemical properties of water, in order 
to delineate sediment-water interactions. 
 
The sedimentology and ichnology of the lower Waikato River is poorly constrained. 
There are few published studies that document the hydrodynamics near the Waikato 
River mouth (e.g. Jones & Hamilton, 2014). Sedimentological data from Port Waikato, 
focuses on iron sand deposits occurring at the Waikato North Head Mine Site 
(Brathwaite et al., 2017; Brathwaite et al., 2020). Other research has examined fluvial 
sedimentation upstream of the reach of tidal influence (Fenton, 1989; Wo, 1994). Due 
to the state of knowledge, and the relatively limited relevant historical data, an 
opportunity exists to examine the process-response sedimentology of the prominent 
intertidal barrier sand spit at the Waikato River mouth, over which river flow, tides, and 
waves interact. 
 
2.1.1 Sedimentology and Ichnology of Barriers and Mouth Bars 
 
As a river enters a body of water, it becomes unconfined and its velocity decreases, 
depositing its coarsest grains to form mouth bars (Wright, 1977; Fielding et al., 2005; 
Olariu & Bhattacharya, 2006). Mouth bars are progradational, and form in river- (Olariu 
& Bhattacharya, 2006), wave- (Zurbuchen et al., 2020) and tide-dominated deltas (Hori 
et al., 2002), and lacustrine deltas (Tye & Coleman, 1989; Olariu et al., 2012). The size 
and shape of mouth bars are mostly controlled by the river: large river mouth systems 
may have mouth bars a few kilometres long and wide (Tye, 2004; Bhattacharya, 2010). 
The resulting bar shape is influenced by processes acting on the coastline, such that 
mouth bars in tide-dominated deltas are reworked and elongated across-shore to form 
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tidal bars (Dalrymple & Choi, 2007). Wave-dominated deltas have elongated and 
reworked mouth bars orientated along-shore, and may lead to the formation of barriers 
and sand spits (Bhattacharya & Giosan, 2003; Warrick, 2020). Additionally, mouth bars 
formed on tectonically active and wave-dominated coastlines, with a high sediment 
yield and dynamic processes at the mouth (e.g. west coast New Zealand), have 
aggradational and elongated mouth bars (Warrick, 2020). Mouth bar deposits are 
typically formed from parallel-laminated beds and massive or cross-bedded fine sand 
interbedded with silt to very fine sand, and Rosselia and proximal Phycosiphon 
Ichnofacies (Olariu & Bhattacharya, 2006; Maceachern & Bann, 2020). 
 
Barriers form on wave-dominated coastlines, separating river mouths and lagoons from 
the open ocean. There are a range of types and terminology of barriers including barrier 
islands, barrier bars, sand spits, back barriers, tidal bars, strand plains, and delta fronts 
(Mulhern et al., 2019). They are often transgressive, although are also known to form 
on prograding deltas (e.g. Bhattacharya & Giosan, 2003). Barriers are formed from 
sediment transported along a coastline by longshore currents (Mulhern et al., 2019; 
Fruergaard et al., 2020), and continue to elongate, extending up to tens of kilometres 
downdrift (Mulhern et al., 2019). A tidal inlet may cut through a barrier when the wave 
processes are not strong enough, and its size is determined by the tidal prism (Boyd, 
2010). Barrier geomorphology is influenced by the interactions of waves and tides, 
storms, sediment supply, and geological setting (Fruergaard et al., 2020), and barriers in 
mixed-energy environments are often low-lying, merging into tidal flats (Boyd, 2010). 
Barrier deposits are formed from low angle cross-bedded and parallel laminated sand, 
with Psilonichnus and Skolithos Ichnofacies in the subaerial and subaqueous parts, 
respectively (Hauck et al., 2009; Boyd, 2010). However, if the barrier is subjected to 
strong currents and wave action, these ichnological signatures are often destroyed 
(Hauck et al., 2009). 
 
2.2 Study Area 
 
2.2.1 Waikato River, New Zealand 
 
The Waikato River is 425 km long and drains a catchment of 14, 260 km2 on the North 
Island of New Zealand (Manville, 2002; Williams, 2017). The river drains mountainous 
terrain of the Taupo Volcanic Zone and passes through the lowlands of the Hamilton 
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Basin and Lower Waikato Region, to debouch into the Tasman Sea at Port Waikato 
(Figure 2.1; Brown, 2010; Williams, 2017). The Waipa River is the largest tributary to 
the Waikato River, with a catchment area of 3, 060 km2, and joins the Waikato River at 
Ngaruawahia (Figure 2.1; Manville, 2002; Williams, 2017). 
 
The Waikato River has an average annual discharge of approximately 600 m3 s-1, and 
minimum and maximum discharges of 200 m3 s-1 and 800 m3 s-1, respectively (Jones & 
Hamilton, 2014). Flow characteristics in the river are controlled, in part, by dams which 
also cause storage of approximately 0.62 Mt of sediment per year in artificial lakes 
adjacent to the dams (Hicks et al., 2019). Bedload carried by the river is gravel-
dominated up to approximately 100 km from the mouth, downstream of which the 
bedload transitions to being sand-dominated (Wo, 1994). The Waikato River yields an 
estimated 0.38 Mt yr-1 of suspended sediment (Hicks et al., 2019). 
 
2.2.1.1 Waikato River Mouth, Port Waikato, New Zealand 
 
At Port Waikato, tides are semidiurnal, with an average tidal range of 2.2 m (Greer et 
al., 2016), and a tidal prism that is 35.637 x 106 m3 (Jones & Hamilton, 2014; Greer et 
al., 2016). The tide influences river flow as far upstream as Mercer (Figure 2.1; 
approximately 35 km from the mouth). Marine water is transported into the river mouth 
as a saltwater wedge from the Tasman Sea with the rising tide. The salt wedge reaches 
approximately 10 km inland from the entrance during neap tides and 13 km during 
spring tides, although, during high river flow conditions it is limited close to the river 
mouth (Jones & Hamilton, 2014).  
 
At the seaward terminus of the Waikato River, a major sand spit has been built, of 
which the intertidal portion is the focus of this paper, and will be referred to as the sand 
spit for the remainder of the thesis. The sand spit is approximately 0.5 km wide and       
1 km long (Figure 2.1). Over the last ~60 years, historical imagery shows that the entire 




Figure 2.1: Site locations in the field area at the Waikato River mouth, Port Waikato, New 





Figure 2.2: Air photo of Waikato River mouth in 2012. Colour outlines show the changes in 




Sedimentological and oceanographic data were collected from the intertidal portion of 
the sand spit at Port Waikato over nine days (15th to 23rd) in January 2020. Four datasets 
were collected: (1) surface and channel sediment samples, (2) bathymetry and 
topography surveys, (3) vibracores, and (4) oceanographic parameters from instruments. 
Table 2.1 summarises the vibracores and oceanographic instruments that were deployed 
at each of the sample sites. Figure 2.3 shows examples of the research instruments used 




Table 2.1: Vibracores and oceanographic instruments deployed at each site. All hydrodynamic 
instruments also had additional optical backscatter sensors (OBS); Nortek instruments were 
paired with Campbell Scientific OBS3+ sensors and the RBR instruments were paired with 




Site A Core 1   
Site B Core 2   
Site C Core 3 Acoustic Velocimeter (Nortek Vector; ADV)  
Site D Core 4 Acoustic Doppler Current Profiler (Nortek 
Aquadopp; ADCP) 
Conductivity-Temperature-
Depth sensor (RBR Concerto) 
Site E Core 5 Nortek Aquadopp RBR logger 
Site F Core 6 Nortek Aquadopp RBR Concerto 
Site G Core 7   
Site H Core 8 Nortek Vector  
Site I Core 9   
 
 
Figure 2.3: Photos of research equipment: (A) Mastersizer® particle-size analyser used 
for grain size analysis of surface and channel sediment samples, (B) Site C: Nortek 
Vector, with velocity sensor mounted on the left pipe and Optical back scatter (OBS; 
turbidity) sensor on the right, (C) Site E: Nortek Aquadopp in front, and RBR Concerto 
behind. OBS sensors attached to the pipe, (D) echosounder used for the bathymetry 




2.3.1 Sediment Samples 
 
Seventeen surface sediment samples (upper ca. 5 cm) from the sand spit were collected 
using five transects spaced 150-350 m apart. Each transect consisted of one to five 
samples ranging from 25-340 m apart. 
 
Sediment samples from the river channel were collected along seven transects, ranging 
from 100-400 m apart. Each transect comprised two to four samples, spaced at       
50-200 m intervals, totalling 21 samples. The channel transects extended from the 
riverward side of the spit into the thalweg of the channel and as far towards the far 
(eastern) bank as possible. Channel samples were acquired using a Ponar Grab Sampler, 
and water depth and time were recorded with each sample. Grain size of the sediment 
samples was analysed using a Mastersizer® laser diffraction particle-size analyser. 
Samples were not pre-treated with hydrogen peroxide to remove organics, as no 
difference was found on a test sample. GRADISTAT was used to determine the 
statistical parameters of the grain size distributions (Blott & Pye, 2001). The Wentworth 
grain size scale was used to classify mean grain sizes calculated in GRADISTAT using 
the Folk and Ward method (Appendix A; Folk & Ward, 1957). 
 
2.3.2 Topography & Bathymetry Survey 
 
Topography and channel bathymetry surveys were conducted to map the elevations of 
the sand spit and adjacent river channel. The topographic survey employed a corrected 
network of Real Time Kinematic (RTK) Global Positioning System (GPS) 
measurements that were collected using a backpack mounted unit. Measurements were 
obtained every 1 m along the sand spit, which was walked out during low tide on 
January 19th and 20th. The accuracy of measurements was verified by two fixed RTK 
base stations. The bathymetry survey was conducted using single-beam sonar mounted 
to University of Waikato’s research vessel Maki. The sonar was also calibrated to the 
RTK base stations. Bathymetry data was calibrated to Global Navigation Satellite 
System (GNSS) height and echo sounder depth below the research vessel in order to 
calculate seabed elevation (Appendix B). All topography and bathymetry data were 
georeferenced to the NZGD 2000 New Zealand Transverse Mercator projected 




2.3.3 Oceanographic Instruments 
 
Oceanographic instruments were deployed at five locations on the sand spit in order to 
capture any potential across- or along-spit variability (Figure 2.1). Acoustic Doppler 
Current Profilers (2 MHz Nortek Aquadopps) continuously recorded a profile of 
velocity at 1 Hz with vertical resolution of 25 mm. Acoustic Doppler Velocimeters 
(Nortek Vectors) recorded continuous point measurements of velocities at 8 Hz. 
Conductivity-temperature-depth (CTD) sensors (RBR Concertos) provided CTD data at 
6 Hz. All instruments were paired with optical backscatter sensors (Campbell Scientific 
OBS3+ for Nortek instruments and Seapoint Turbidity sensors for RBR instruments), 
ranging in height from 10-40 cm above the bed, which sampled at the same rate as the 
other parameters. One further RBR pressure logger (RBR logger) with two OBSs 
attached was deployed. Instrument parameters and sampling schemes are summarised in 
Table 2.2 and Appendix C.  
 
Table 2.2: Oceanographic instrumentation deployed in the field, with information 
regarding the deployment location and inbuilt sensors. 
Instrument Sensors 
Nortek Vectors Flow velocity and direction, pressure, and turbidity 
Nortek Aquadopps Flow velocity and direction, pressure, and turbidity 
RBR Concertos 
Depth, conductivity, temperature, salinity, pressure, sea 
pressure, specific conductivity, and turbidity 
RBR logger Depth, 2x turbidity, and sea pressure 
 
RBR Ltd.’s Ruskin software was used for deploying, downloading, and displaying all 
the Concerto instrument data. Data was exported to text files, and then imported into 
MATLAB® for reading and processing. The only processing required for Concertos 
was to remove data from times during which the instruments were exposed. 
 
Data processing for both the Nortek Aquadopps (ADCPs) and Vectors (ADVs) 
included: (1) rotating into east, north, and up coordinates; (2) calculating moving 
averages; and (3) removing data when the sensors were out of the water. ADCP’s had 
high back scatter counts, indicating good quality data, so no other adjustments were 
required. However, for the single point ADV measurements, low quality data 





As it was not possible to safely collect in-situ water samples during the experiment 
(owing to substantial wave breaking over the spit), a laboratory calibration of the OBS 
sensors to determine suspended sediment concentration from the turbidity 
measurements was undertaken using sediment samples from the sand spit (consisting 
primarily of 0.265 mm diameter sized particles). However, applying the calibration 
curve to the turbidity data recorded in-situ, led to very unrealistic concentrations (>>10 
grams per litre). It is possible that the sediment in suspension in the field area is a 
combination of smaller mud sized grains (<0.0625 mm) from the river, and sand-sized 
particles, which would account for this discrepancy. Therefore, we use the OBS data as 
a qualitative broad indication of the suspended sediment concentrations, rather than 




Nine vibracores were collected on the sand spit (Figure 2.1). Cores were collected in     
5 m long, 7.62 cm (outer) diameter pipe (1 mm thick) and stored in a refrigerator at 4 °C 
to preserve moisture. The core lengths, and their depth beneath the surface were 
measured in the field. Core lengths presented in this thesis represent compacted lengths 
and not original bed thicknesses. On average cores were compacted by 30%. 
 
In the lab, cores were cut in half longitudinally. One half of the core was x-rayed and 
logged in detail (Appendices D & E), while the other was preserved for future study. 
Facies analysis was undertaken and focused on grain size, primary physical sedimentary 





2.4.1 Hydrodynamic Processes 
 
The Waikato River mouth is variably influenced by river flow, waves and tides, 
throughout the tidal cycle. Oceanographic instruments record how hydrodynamic and 
physico-chemical processes differ across and along the sand spit.  
 
Salinity 
Salinity was measured at Sites D and F. At both sites, salinity varies between 30-35 psu, 
depending on tidal height (Figures 3a & 7a, Appendix C). Salinity remains stable 
through most of the high tide period at both sites. However, occasionally, a salinity 




Temperature was measured at Sites D, E, and F (Figures 3a, 4a, 6a & 7a, Appendix C). 
The water temperature across the site ranges between 18-22 °C, depending on timing 
throughout the day. Water temperature is consistent, varying by 1-2 °C over the 
inundated period, with warming during the day, and cooling overnight. 
 
Turbidity 
Turbidity was measured across all the instrument sites (Figures 1-8, Appendix C). For 
clarity, only turbidity from the Nortek instruments are described. Across all sites, 
turbidity consistently reaches a minimum at early ebb tide, and maximum at the start 
and end of the inundated period. Minimum turbidity reaches down to 0 counts, and 
maximum up to 4 counts. Additional features to note are that at Sites D and H, an 
additional turbidity peak occurs at high tide. These are up to 1 count at Site D, and 2 
counts at Site H. At Site E, turbidity is lower than the other sites, with maximum 
turbidity occurring only for a short period of time, and turbidity of 0 counts occupying 
much of the inundated period for most days. Also, turbidity does not reach 0 counts at 







At Sites C, E and F, water depth and wave heights are on average 1 m and reach a 
maximum of 1.5 m (Figures 1b, 4c & 6c, Appendix C). Site D wave heights are on 
average 1.5 m (Figure 2, Appendix C). Site H’s ADV was situated in a channel and had 
recorded wave heights up to 2 m (Figure 8b, Appendix C). 
 
Flow Velocity and Direction 
Horizontal velocity measurements are used to describe the overall flow velocity. Across 
the sites, maximum velocity occurs during the late flood tide, and minimum velocity 
during the early- to mid-ebb tide. At Sites C and E, velocity ranges from 0 m/s to 1 m/s 
(Figures 1b & 4c, Appendix C). However, at Site C, minimum velocity occurs towards 
the late ebb tide (Figure 1b, Appendix C). At Sites D, F and H, flow velocity varies 
between 0.2-0.9 m/s, 0-1 m/s, and 0-1.1 m/s, respectively (Figures 2c, 6c, & 8b, 
Appendix C). 
 
There are multi directional currents in the study area, orientated east-west across the 
spit, and north along the spit, parallel to river flow. These current velocities depend 
upon timing of the tidal cycle, where east-west current velocities are dominant one hour 
either side of high tide, and, north to north-west current velocities increase at least 1.5-2 
hours either side of high tide, and dominate during the ebb (falling) tide (Figure 2.4). As 
measured by the ADVs and ADCPs, east orientated flow velocities are fastest at the 
field site, reaching a maximum of 0.5 m/s at Sites C and D, and 1 m/s at Site E, F and 
H. West orientated flow velocities reach a maximum of 0.8 m/s at Sites D and E,        
0.5 m/s at Sites F and H, and 0.2 m/s at Site C. North orientated flow velocity reaches a 
maximum of 0.5 m/s at Sites C, D and H, 0.3 m/s at Site E, and 0.2 m/s at Site F. Lastly, 
south orientated flows are smallest and occurring occasionally during the flood tide, and 
recorded at Site F and H at 0.2 m/s (Table 2.3). 
 
Table 2.3: East, west, north and south orientated flow velocity at each site recorded by the 










C 0.5 0.2 0.5 0 
D 0.5 0.8 0.5 0 
E 1 0.8 0.3 0 
F 1 0.5 0.2 0.2 
H 1 0.5 0.5 0.2 
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East-west minimum and maximum flow velocities coincide with the horizontal flow 
velocities at each site. During the flood tide, east orientated flow velocities are high, and 
north orientated speeds are negligible. North and west flow velocities increase with the 
ebb tide, following the flow velocity minimum at the mid-ebb tide, with the exception 




Figure 2.4: Flow velocity and direction across two tides, recorded from ADCPs and 
ADVs. Colour represents time relative to high tide, and length of arrow denotes flow 
velocity. Each arrow shows averages over 15 minutes. 
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2.4.2 Topography and Bathymetry of the Waikato River Mouth 
 
The elevation of the sand spit and adjacent river channel relative to New Zealand 
vertical datum 2016, are shown in Figure 2.5. River channel depth ranges between     
0.7 m and 13.8 m, and is shallowest along the banks of the river and deepest in the 
centre (i.e. the thalweg). The centre of the channel generally is between 6 m and 8.9 m 
deep, although a deeper depression in the centre of the study area reaches a maximum 
depth of between 9 m and 13.8 m deep. However, the channel is very energetic and 
dynamic (Jones & Hamilton, 2014), and it is anticipated that channel depth fluctuates 
through time due to large and mobile sand waves. 
 
The elevation of the intertidal portions of the sand spit ranges between -2 m and 0 m. 
With higher elevations on the small surveyed portion of the subaerial part (Figure 2.5). 





Figure 2.5: Elevation of study area; topography of sand spit, and bathymetry of the 





2.4.3 Sedimentology of the Waikato River Mouth 
 
Surface sedimentological analysis reveals that the sand spit is entirely sand dominated, 
mostly comprising medium grained sand (0.250-0.500 mm; Figure 2.6). The southern 
half of the field area, within the centre of the river channel (water depth >6.5 m; Figure 
2.5), consists of moderately well-sorted upper medium grained sand (0.350-0.500 mm; 
Figure 2.6). The finest grain size is upper fine sand (0.177-0.250 mm). It is present on 
the northern half of the sand spit, as well as in small sections at the edge of the river 
channel (Figure 2.6). Moderate- to well-sorted lower medium sand (0.250-0.350 mm) 
makes up the largest area in the field site, in the river channel between 9 and 3 m deep, 
and in the southern half, and western edge of the sand spit (Figures 2.5 & 2.6). 
 
 




2.4.3.1 Facies Descriptions and Interpretations 
 
Four facies were identified in the 9 cores (Figure 2.7). These are: (1) planar tabular to 
trough cross-bedded sand, (2) wave- to combined-flow ripple laminated sand, (3) planar 
parallel laminated sand, and (4) structureless to crudely cross-bedded sand, without 
shells (4a), or with shells (4b).  
 
F1: Planar tabular to trough cross-bedded sand 
Facies 1 consists of planar tabular to trough cross-bedded fine-grained sand with 
sporadically distributed shell fragments. Individual laminae range from 1-15 mm in 
thickness, whereas beds range up to approximately 30 cm thick, with gradational or 
sharp undulatory lower contacts. Coarse sand and pebble layers are scattered throughout 
the facies but tend to be discontinuous. Bioturbation is absent (bioturbation intensity 
[BI] 0; Taylor & Goldring, 1993). Facies 1 is interpreted to be deposited by quasi-
steady unidirectional currents, as 3D dunes migrate across the sand spit. 
 
F2: Wave- to combined-flow ripple laminated sand 
Facies 2 consists of wave-ripple laminated fine-grained sand. Beds range approximately 
between 5 cm to 10 cm thick, and individual laminae range from 1-3 mm in thickness, 
and have gradational or sharp undulatory lower contacts. Scattered coarse sand and 
pebble layers. Bioturbation is absent (BI 0). Scattered shell fragments occur, ranging in 
size from sand-sized to centimetre scale. Facies 2 is interpreted to be deposited by 
oscillatory (wave) processes or waves modified by unidirectional currents, as 2D or 3D 
ripples migrate across the sand spit. 
 
F3: Planar parallel laminated sand 
Facies 3 is composed of planar parallel laminated fine-grained sand. Internal lamination 
ranges from 1-3 mm thick, is horizontal to very low angle, beds vary approximately 10-
20 cm thick, and have sharp lower contacts. Coarse sand and pebble layers occur 
sporadically. Bioturbation is absent (BI 0). Scattered shell fragments occur, ranging in 
size from sand-sized to centimetre scale. Facies 3 is interpreted to be deposited from 






F4: Structureless to crudely cross-bedded sand 
Facies 4 is structureless to crudely cross-bedded sand. The sand is fine- to medium-
grained with shell fragments scattered throughout. Beds range from 20 cm to 100 cm 
thick, with either gradational or sharp lower contacts. Crude cross-beds and current 
rippled beds are decimetre scale with gradational lower contacts. Structureless sand 
comprises predominantly no internal bedding or structures, with rare crude planar 
tabular or trough cross-stratification at varying scales with individual laminae 
approximately 1-5 mm thick. Bioturbation is absent (BI 0). Occasional micro fractures 
and overturning structures. F4a has scattered shell fragments, ranging in size from sand 
to pebble. F4b is a shelly structureless sand, with a large volume of shell fragments. 
Both F4a and F4b to be deposits of rapidly decelerating flow (0-0.06 m/s). 
 
 
Figure 2.7: Facies characteristics of selected intervals: (A) Facies 1, trough cross-bedded sand, 
in core 3, (B) facies 2, wave-ripple laminated sand in core 3, (C) facies 3, planar laminated 
sand, in core 3, (D) facies 4a structureless sand, in core 8, and (E) facies 4b shelly structureless 





2.4.3.2 Surface Bedforms 
 
Sedimentary structures observed in core are the direct result of bedforms migrating 
across the depositional surface of the sand spit, which were observed at low tide. 
Bedforms observed include wave- and combined-flow ripples and dunes, as well as 
planar bedding. Dunes produced by combined-flow, show asymmetric stoss and lee 
sides, are generally onshore directed, and range in height from 10 cm to 30 cm (Figure 
2.8A). Wave-produced dunes have a more symmetrical appearance, and their heights 
range from 10 cm to 20 cm (Figure 2.8B). Wave- and combined-flow ripples were also 
observed on the surface of the spit. Combined-flow ripples are distinguished from 
current ripples by their asymmetric shape and rounded crests (Figure 2.8C; Dumas et 
al., 2005). Combined-flow ripples and dunes, and symmetrical ripples were observed at 
Sites D-H. Sites A, B, and C, are different from the rest of the sand spit because they are 
comparatively flat, with planar bedding, and wave ripples on the surface (Figure 2.8D). 
 
 
Figure 2.8: Bedforms visible on the surface of the sand spit: (A) Combined-flow dunes located 
between Sites E and F. Photo facing east; (B) Symmetrical, Wave dunes at Site D. Photo facing 
south-east; (C) Combined-flow ripples at Site E. Photo facing north east; and (D) Wave ripples 







Stratigraphic cross-sections of cores from each transect are displayed in Figure 2.9. A 
large proportion of the cores comprise structureless sand, with cores 3 and 6, having the 
best preservation of sedimentary structures. Shelly structureless sand (F4b) is only 
present in cores 8 and 9, closest to the subaerial portion of the sand spit. Planar 
laminated sand is observed in cores 1, 2 and 6, and trough cross-bedded sand in cores 3, 
5 and 6. Lastly, wave-ripple laminated sand has poor preservation potential, and is only 
evident in core 3. 
 
 
Figure 2.9: Vibracore cross-sections for (A) Cores 1-3, (B) Cores 4-6, and (C) Cores 7-9. 
NZVD2016 0 m elevation is used as the datum, although it is noted that the datum occurs above 







2.5.1 Process Sedimentology at the River Mouth 
 
The timing of sediment erosion, transport and deposition is determined by grain size, 
flow velocity and water depth. Sediment grain sizes observed in cores ranges from very 
fine (0.062 mm) to coarse (1 mm) sand. Although, most of the sediment is between fine 
(0.125 mm) and lower medium (0.5 mm) sand. Due to this range in grain sizes, both 
transport and deposition can occur simultaneously on the spit (Figure 2.10) 
 
 
Figure 2.10: Hjulstrom diagram, showing sediment erosion, transport, and deposition as a 
function of flow velocity and sediment grain size. There is no assumed water depth. The range 
of grain sizes present on the sand spit are highlighted in green. Modified after Hjulstrom 
(1935). 
 
Deposition of fine sand and lower medium sand occurs at velocities less than 0.02 m/s 
and 0.06 m/s respectively (Figure 2.10). Similarly, fine and lower medium sand are 
eroded at velocities larger than 0.2 m/s and 0.4 m/s respectively (Figure 2.10). Through 
an assessment of horizontal flow velocity at several sites over a week-long period, the 




Figure 2.11: Horizontal flow velocities at Sites C, D, E, F, and H, recorded over a 24 hr period; 
from 12 am 20th to 12 am 21st January 2020. With erosion at flow velocities faster than 0.4 
m/s, transport between 0.06-0.4 m/s, and deposition at flow velocities slower than 0.06 m/s. 
 
Horizontal flow velocity changes systematically over a tidal cycle in a similar manner 
regardless of what site is considered. The interaction between river flow and tides leads 
to strong asymmetry between the flood and ebb tide, where minimum flow velocity 
occurs during the mid-ebb tide. Velocity data at Site H was obtained from a semi-
permanent channel, thus the flow velocity is slightly exaggerated in comparison to the 
other sites. Across the sites, flow velocity in the early-ebb tide reaches up to 
approximately 0.4-0.6 m/s, and reaches a maximum of 0.8-1 m/s by the mid- to late-
flood tide. Progressing on to the early-ebb tide, flow velocity slows back down to 
approximately 0.4-0.6 m/s. The flow conditions during the flood tide and early-ebb tide 
facilitate sediment erosion and transport (Figure 2.11). Minimum flow velocity ranging 
from 0 m/s to 0.3 m/s occurs in the early- to mid-ebb tide; although flow velocities of 
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less than 0.6 m/s are required for sediment deposition, which does not often occur 
across the sites (e.g. Sites D & F, Figure 2.11). Following the mid-ebb tide, flow 
velocity increases as the ebb tide progresses, reaching a maximum of 0.4-0.6 m/s, again 
facilitating erosion and transport of sediment (Figure 2.11). 
 
Interestingly, the cores consist of mostly structureless sediment (F4a & F4b, Figure 
2.9), produced from deposition of suspended sediment during low flow velocities in the 
early- to mid-ebb tide (Figure 2.11; Figures 1-8, Appendix C). Despite being a very 
small to negligible portion of the tidal cycle, a large volume of sediment is rapidly 
deposited during these low flow velocities. 
 
When flow velocity exceeds the threshold for sediment entrainment, the sediment is 
eroded and transported, producing bedforms. These bedforms migrate across a 
depositional surface, and it is this migration that produces sedimentary structures 
recorded in the stratigraphic record (Prothero & Schwab, 2004). Flow velocity, grain 
size and water depth conditions on the sand spit facilitate the formation of bedforms 
over almost all of the inundated period (Figure 2.11). Hence, the sedimentary bedforms 
and their corresponding structures represent changes in flow velocity over the tidal 
cycle. These include wave- and combined-flow ripples and dunes, and planar bedding. 
 
The conditions required for the development of bedforms are often described by bed-
stability phase diagrams. Sedimentary bedforms produced by unidirectional currents, 
are conceptualised as being a function of water depth, flow velocity and grain size 
(Southard, 1991; Van Den Berg & Van Gelder, 1993), or alternatively, as a function of 
grain size and bed shear stress (Southard & Boguchwal, 1990). Bed-stability phase 
diagrams have also been developed for oscillatory (wave) flows, where the bedforms 
are described as a function of the oscillation period and maximum orbital velocity 
(Southard, 1991). However, probably most importantly, and therefore the most 
researched, are bedforms developed by combined unidirectional and oscillatory flows 
(i.e., 'combined flows'; Arnott & Southard, 1990; Southard, 1991; Dumas et al., 2005; 
Kleinhans, 2005; Perillo et al., 2014). Combined-flow bedforms, are best described as a 
function of the unidirectional velocity and oscillatory velocity (Figure 2.12), or by 





The bed-stability phase diagram provides a guide to predicting the bedforms expected to 
develop on the sand spit based on the flow parameters measured with ADVs and 
ADCPs (Figure 2.12). To test whether all depositional processes occurring at the 
Waikato River mouth are recorded by the sediment, calculated unidirectional and 
maximum orbital velocities are plotted on the bed-stability phase diagram (Figure 
2.1.2). Unidirectional current velocities were calculated by averaging the east-west and 
north-south current velocities over 15-minute time windows. To estimate a 
representative maximum orbital velocity for the waves over each 15-minute period, the 
pressure signal was first band-pass filtered to remove high and low frequency motions 
(leaving those between 3 s and 12.5 s periods). An upcrossing analysis of the filtered 
pressure signal was undertaken to identify each individual wave and the maximum 
velocity found for every single wave. Then the mean over the 15-minute window of 
these maximum values was used as the maximum orbital in Figure 2.12.   
 
 
Figure 2.12: Sedimentary bedforms development in combined flow conditions, as a function of 
unidirectional flow velocity and orbital flow velocity. Assuming an average grain size of 0.25 
mm diameter (upper fine sand). Overlain with data recorded from each site, where green is Site 
C, yellow is Site D, light blue is Site E, red is Site F, and dark blue is Site H. Modified after 
Perillo et al. (2014). 
 
53 
Maximum orbital (wave) and unidirectional (fluvial) current velocities range between 
0.2-1 m/s and 0-1 m/s, facilitating the development of symmetrical (wave) and 
asymmetric (combined-flow) ripples and dunes, and planar bedding on the sand spit 
(Figure 2.12). Much of the orbital and unidirectional current velocities are greater than 
0.6 m/s (Figure 2.12), leading to the regular development of planar bedding, which is 
consistent with the frequency of planar lamination in core (Figure 2.9). 
 
Planar tabular to trough cross-bedded sands are preserved in core at Sites C, E, and F 
(Figures 2.7 & 2.9), and are the products of migrating wave- and combined-flow dunes 
on the surface, such as those observed at Sites E-H (Figure 2.8A & B). Orbital and 
unidirectional current velocity conditions required for the development of wave and 
combined-flow dunes are met for much of the inundated period at all sites (Figure 2.12). 
 
Wave- to combined-flow ripple laminated sand is preserved in core at Site C (Figures 
2.7 & 2.9), and are the product of migrating wave- and combined-flow ripples, such as 
those observed on the surface at Sites A-C and Sites D-H, respectively (Figure 2.8C & 
D). The development of ripples are measured mostly at Site H (Figure 2.12, dark blue), 
as the ADV was submerged in deep enough water (>40 cm) to capture the flow 
conditions, when the tidal height was low. Therefore, it is expected that flow velocity 
conditions for ripples do occur at all sites, but they were not captured by the other ADV 
and ADCPs. 
 
2.5.2 Relative Importance of River Flow, Waves and Tides 
 
Combined sedimentological and hydrodynamic data forms a comprehensive data set to 
discuss the relative influence and interactions between depositional processes at the 
Waikato River mouth. Bed-stability phase diagrams provide insight to the bedforms 
developing under various flow velocity, grain size and water depth conditions. Across 
all sites, the sand spit experiences interacting wave and fluvial currents, producing 
wave- and combined-flow ripples and dunes, and planar bedding (Figure 2.12). These 
bedforms are matched to their corresponding structures in core, showing that these 
bedforms were also present in the past (Figures 2.7 & 2.9). Although, not all bedforms 
and structures are observed on the surface and in core, respectively across the sites. 
Sites A-C are comparatively flat with only planar bedding and wave ripples on the 
surface (Figure 2.8D), most likely due to erosion during high flow conditions, followed 
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by wave ripples developing as the water level drops with the end of the ebb tide. Being 
at the northern portion of the sand spit (Figure 2.1), Sites A-C are more influenced by 
wave processes, shown by their lack of combined-flow ripples and dunes (Figures 2.8 & 
2.9). Whereas, dunes were observed on the surface at Sites D-H (Figure 2.8A & B), and 
of these sites, wave influence was strongest to the west at Site D (Figure 2.8B). 
Combined-flow dunes were more often observed on the bed with distance towards the 
east (landward), closer to the river (Figures 2.1 & 2.8A). 
 
In contrast to the presence of wave ripples and dunes, there is no evidence in core or on 
the surface, for fluvial current ripples or dunes. The lack of fluvial signatures suggests 
that waves have a greater influence in the field area. When unidirectional current 
velocities are less than 0.2 m/s, orbital current velocity can reach up to 0.8 m/s (Figure 
2.12); supporting that the river mouth is wave-dominated. Furthermore, there is a lack 
of tidal signatures (i.e., herringbone cross-stratification, tidal mud drapes etc.) in the 
sedimentary record, suggesting that tides have the smallest influence in the field area. 
Although, tides have a direct control on sediment deposition, by raising and lowering 
water level, allowing for the movement of waves and river flow over the sand spit 
(Dashtgard et al., 2012b).  
 
Waves appear to be the dominant depositional process at the Waikato River mouth. 
Combined river flow and waves facilitate sediment erosion, transport and re-working, 
and the tidal height determines their efficacy. 
 
2.5.3 Implications for the Global Rock Record 
 
Nearshore, shallow marine, and river mouth settings display complex interactions 
between river flow, waves, and tides. Several classifications exist to describe these 
sedimentary environments: (1) Geomorphic classification (e.g. Hume et al., 2007), used 
by oceanographers and coastal planners to describe the overall shape of the coastline 
(i.e. snapshot in time); (2) sedimentological and stratigraphic classification (e.g., Boyd 
et al., 1992), describing sedimentological character by (inferred) depositional process; 
and (3) process-based classification (e.g., Ainsworth et al., 2011), that builds on 2, but 





The process-based classification of Ainsworth et al. (2011) is currently most used 
within the sedimentology literature (e.g. Longhitano et al., 2012; Vakarelov et al., 
2012), which uses the preserved sedimentary structures to infer the depositional 
processes occurring in the environment. From inferring the depositional processes, the 
depositional environments can be classified using a three-part ranking of dominance, 
influence and affect. Which is ultimately used to model the geometry and morphology 
of geobodies in subsurface reservoirs, such as petroleum storage units.  
 
However, the extent to which processes can be inferred from deposits is not yet clear 
(Rossi & Steel, 2016), which restricts our ability to use modern sedimentary 
environments as analogues to interpret the rock record. In river mouth settings, 
erosional and depositional processes vary on timescales from minutes, to hours, to days. 
These processes culminate to form the sedimentological signature which is the time-
average of these interacting processes. The Waikato River mouth is used in this study to 
test the applicability of the process-based classification by plotting the sedimentological 
dataset, and combined sedimentological and hydrodynamic datasets (Figure 2.13). 
 
 
Figure 2.13: Process based classification modified after Ainsworth et al. (2011), with the 
Waikato River mouth plotted using the sedimentological dataset in red, and combined 
sedimentological and hydrodynamic datasets in blue. 
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Despite the Waikato River mouth being situated in a setting subject to strong waves and 
tides, the depositional record appears to be biased against the tidal signature. By 
investigating only the sedimentological data, the effect of tides in the setting would go 
unrecognised. Correspondingly, the Waikato River mouth would be classified as wave 
dominated and fluvially influenced (Wf; Figure 2.13). Importantly, however is the fact 
that by combining sedimentological and hydrodynamic data, the tidal signature is 
clearly identified, and the river mouth is classified as a wave dominated, fluvially 
influence and tidally affected (Wft; Figure 2.13).  
 
The process-based framework by Ainsworth et al. (2011) best describes mixed-
influence environments from a sedimentological and stratigraphic standpoint. However, 
these results highlight the difficulty in interpreting the presence and strength of 
depositional processes in similar mixed-energy environments within the rock record 
globally, because not all depositional processes may be recorded by the sediments. 
These results present implications towards applied aspects of this research, in predicting 
sand body geometries of subsurface water or petroleum reservoirs. The geomorphology 
of depositional environments is strongly controlled by the relative influence of river 
flow, waves and tides (Ainsworth et al., 2011), and in order to capture the geometries of 




The Waikato River mouth is subject to the interactions of river flow, waves and tides. 
The combinations of river flow and tides leads to strong asymmetry between flood and 
ebb flow velocities. Fast flow velocities exist throughout most of the inundated period, 
facilitating erosion and transportation of sediment, producing sedimentary bedforms. 
However, the sedimentary record comprises mostly structureless sediment; a small to 
negligible portion of the tidal cycle. Additionally, the sedimentary structures present in 
core are inherently biased against the tidal signature, despite the tide having a direct 
control of sediment on the sand spit. 
 
The results of this study demonstrate that depositional processes can be recorded using 
oceanographic instrumentation and linked to the corresponding sedimentary deposits. 
Erosional and depositional processes vary in river-mouth environments on time scales 
ranging from minutes, to hours, to days, and these processes culminate to form the 
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sedimentological signature. Not all processes are preserved by the sediments, and as a 
result, depositional processes may go unrecognised in the rock record in other mixed-
energy environments. These results have important implications to applied use of this 
aspect of research, in modelling the morphology and connectivity of geobodies in 
subsurface reservoirs. Highlighting the need for using modern environments as 
analogues for the rock record, in which paired sedimentological and hydrodynamic data 
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A detailed hydrodynamic and sedimentology study was conducted on the intertidal 
portion of the sand spit at the mouth of the Waikato River, North Island, New Zealand. 
The main objective of the research was to test if the hydrodynamic processes could be 
linked to their sedimentological response in a mixed-influence (i.e., tides, river flow, 
waves) river mouth. By directly recording hydrodynamic processes and co-locating 
these to a robust sedimentological dataset of cores and surface samples, the hypothesis 
was that it is possible to interpret the controls on sedimentation and preservation over a 
tidal cycle, on a mixed-influence environment. This information has relevant 
applications to sedimentology, stratigraphy, and petroleum geology, by directly linking 
processes to bedforms in a complex wave-dominated coastline with a strong fluvial 
input. The results are an important step towards understanding how geoscientists can 
best use the present to interpret the past, and therefore, better unravel the complexities 
that make the rock record difficult to understand. One potential example of a use-case 
for this research is to predict sand body geometry in subsurface reservoirs of similar 
depositional affinity that are water or petroleum storage units (Purvis et al., 2002), or 
for carbon storage to mitigate climate change (Holloway, 1997; Baines & Worden, 
2004; Armitage et al., 2010; La Croix et al., 2019). This study is only one of the few 
recent pieces of research that links real-time hydrodynamic processes to associated 
sedimentary deposits (Ayranci et al., 2012; Fricke et al., 2017; Gugliotta et al., 2017; 
Ayranci & Dashtgard, 2020; Choi et al., 2020). Two questions were posed in chapter 1 
and are re-stated with their conclusions outlined below. 
 
1) Can depositional processes be recorded using oceanographic instrumentation 
and linked to their corresponding sedimentary deposits? 
 
Being the longest river in New Zealand (Manville, 2002), the mouth of the Waikato 
River is subject to strong river flow, waves approaching from the west in the Tasman 
Sea, and tides have a mesotidal range (i.e., 2-4 m). Deployment of oceanographic 
instruments in an intertidal position on the sand spit recorded these hydrodynamic 
processes with a high fidelity. Wave heights were determined to be on average 1 m, 
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varying according to the level of tides, with seaward (east) directed flow reaching on 
average 1 m/s, and landward (west) directed flow reaching 0.8 m/s. Resultingly, there is 
a strong asymmetry between the flood tide and ebb tidal velocity and direction, and 
causing minimum flow velocity to occur in the early- to mid-ebb tide. Interactions 
between tides, waves and river flow produces multi-directional currents, orientated 
west, east, north, north-west and south.  
 
Sedimentary bedforms and sedimentation patterns on the sand spit closely follow 
unidirectional and wave generated flows. Fast flow velocities during the flood and mid- 
to late-ebb tide, facilitate sediment erosion and transport, allowing for the formation of 
bedforms on the spit. Whereas minimum flow during the early- to mid-ebb tide result in 
the deposition of structureless sediment due to rapid fallout of sediment from the slows. 
Information on current velocities allow for the identification of the timing for erosion, 
transport and deposition of sediment, and the formation of sedimentary bedforms. 
Calculated orbital and unidirectional current velocities present that wave- and 
combined-flow ripples and dunes, and planar bedded sands develop on the spit, which 
were observed on the surface of the bed. The migrations of these bedforms produces 
sedimentary structures recorded in the stratigraphic record, and were observed in core. 
 
2) Is the sedimentary record biased towards certain processes operating at specific 
timeframes? 
 
It is well known that sedimentary structures are preserved signatures of the physical 
processes occurring at the time of deposition (Dalrymple, 2010). Combined-flow ripples 
and dunes, and planar bedded sand are produced from interacting river flow and waves. 
Whereas, wave ripples and dunes are produced by wave processes, with slight fluvial 
influence (Figure 2.12). Interestingly, despite being the mouth of a major river, there are 
no current ripples or dunes produced from river flow. Additionally, despite being 
situated in a setting subject to strong tides, the depositional record appears to be biased 
towards the wave and fluvial signature, and tides are subordinate. Tidal indications are 
manifest as rising and falling water levels, affecting current magnitude and velocity, but 
are not directly indicated in terms of “tidal” sedimentary structures (herringbone 
stratification, double mud drapes, etc.). Overall, not all of the processes operating 
through the full cycle were recorded in the sediments. Waves are important for sediment 
re-working, although it is not easy to attribute erosive surfaces to a specific time in the 
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cycle, perhaps most of the erosion occurs during the mid-flood tide when flow velocity 
is fastest (Figure 2.11). Whereas the early- to mid-ebb tide facilitates deposition due to 
minimum flow speeds less than 0.06 m/s. Ultimately, the sedimentary record in the sand 
spit at the mouth of the Waikato River shows that care must be taken in interpreting 
processes from their structures. In the context of the work of Ainsworth et al. (2011), 
the study area should be classified as Wft (Figure 3.1). However, the sedimentary 
structures and bedforms do not record the effect of tides, and so using only the 
sedimentary record, the river mouth would be classified as Wf. This difference in 
classification shows that the sedimentary record does not always capture all of the 
depositional processes in mixed-energy environments; which has implications for 
applied aspects of this research, modelling the morphology of coastlines in earths past 
and geobodies in subsurface reservoirs. 
 
 
Figure 3.1: Waikato River mouth classified from Ainsworth et al. (2011). Classified as Wft 
using combined hydrodynamic and sedimentological dataset (blue), and Wf using only 
sedimentological data set (red). 
 
In conclusion, this study has shown erosional and depositional processes vary in river 
mouth settings on time scales ranging from minutes, to hours, to days. Our ability to use 
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modern sedimentary environments as analogues to interpret the rock record is limited 
due to inferring dominant depositional processes from deposits. This is especially 
problematic because the sedimentological signature can be biased against tidal signature 
on a wave-dominated coastline with a large fluvial input. Highlighting the difficulty in 
interpreting physical processes in similar mixed-energy environments within the rock 
record. This study is one of a growing body of research into how mixed-influence 
depositional settings operate and are characterised (e.g. Bhattacharya & Giosan, 2003; 
Dashtgard et al., 2012; Vakarelov et al., 2012; Yang et al., 2019). The results suggest 
that future research should involve: (1) vibracoring more of the spit to further 
investigate the sedimentary structures, (2) sampling box cores to identify biogenic 
structures (burrows) and potential infauna inhabiting the spit, and (3) investigating more 
areas of the river mouth to see how it fits into sedimentological classification (i.e. 
progradational or transgressive). Finally, this study adds an important time-series data 
set of process information for the Waikato River mouth, a location where regional 
erosion has been problematic and has impacted on the community (Dahm & Gibberd, 
2019). Although, questions remain about the sand spits migration with long shore drift, 
and how the changing shoreline will affect the community. Under projected scenarios of 
climate change and associated level fluctuations the next step might be to examine 
longer term (e.g., seasonal, annual, interannual) trends in sedimentary processes and 
link these to deeper cores to look further back into the history of the area. This may lend 
clarity on how well short-term observations are useful for classifying sedimentary 
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Appendix A. Grainsize data 
 
Summary grain size data used to produce the grain size map from Mastersizer® and 
GRADISTAT analysis of surface sediment (SS) and channel grab (GS) samples. 
 







Sample Name SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9 SS10 SS11
Measurement Date Time17/02/2020 17/02/2020 17/02/2020 14/02/2020 14/02/2020 17/02/2020 14/02/2020 17/02/2020 17/02/2020 17/02/2020 17/02/2020
0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15.6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
74 0.01 0.02 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.25 0.00
88 0.28 0.37 0.40 0.13 0.22 0.23 0.11 0.19 0.30 1.65 0.07
105 1.61 1.71 1.92 1.08 1.41 1.44 1.05 1.33 1.44 4.41 0.67
125 5.47 5.09 5.86 4.44 5.25 5.20 4.55 4.87 4.40 9.19 2.89
149 10.53 9.28 10.64 9.33 10.61 10.27 9.78 9.64 8.18 13.47 6.31
177 15.35 13.33 15.02 14.40 15.91 15.19 15.20 14.34 12.04 16.43 10.27
210 19.08 16.94 18.32 18.89 20.04 19.09 19.73 18.28 15.92 17.55 14.84
250 19.30 18.09 18.54 19.95 20.12 19.46 20.29 19.09 17.78 16.09 17.70
300 13.18 13.48 12.86 14.20 13.37 13.37 13.86 13.64 14.00 10.20 14.79
350 9.46 11.35 9.67 10.74 8.99 9.71 9.78 10.63 12.73 6.87 14.43
420 4.32 6.52 4.78 5.19 3.66 4.50 4.31 5.49 8.00 2.98 9.79
500 1.28 2.89 1.67 1.66 0.41 1.38 1.21 2.05 3.99 0.83 5.44
590 0.13 0.83 0.29 0.00 0.00 0.16 0.11 0.41 1.19 0.07 2.37
710 0.00 0.10 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.42
840 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1190 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1410 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1680 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2380 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2830 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3360 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dx (10) 157 159 154 164 159 159 164 161 164 135 177
Dx (50) 245 258 245 254 243 247 249 253 271 220 292
Dx (90) 382 423 390 393 369 385 382 400 445 356 482
D [4,3] 259 277 261 268 254 261 263 269 289 235 313
Kurtosis [3] 0.588 0.824 0.785 0.233 -0.003 0.613 0.579 0.8 0.239 0.769 0.461
Skew [3] 0.822 0.921 0.891 0.735 0.64 0.832 0.809 0.897 0.779 0.897 0.847
Laser Obscuration 9.58 10 9.94 11.6 9.73 10.49 11.4 10.2 9.84 10.74 10.3
Weighted Residual 0.31 0.44 0.37 0.26 0.26 0.36 0.4 0.35 0.33 0.31 0.41












SS12 SS13 SS14 SS15 SS16 SS17 GS1 GS2 GS3 GS4 GS5 GS6 GS7
14/02/2020 26/02/2020 11/02/2020 14/02/2020 14/02/2020 11/02/2020 14/02/2020 17/02/2020 26/02/2020 11/02/2020 17/02/2020 26/02/2020 11/02/2020
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.00 0.02 0.03 0.00 0.09 0.27 0.03 0.00 0.00 0.00 0.00 0.00
0.53 0.09 0.36 0.46 0.15 0.92 1.40 0.46 0.00 0.00 0.00 0.26 0.30
2.59 0.75 2.29 2.72 1.36 4.55 4.52 3.24 0.53 0.20 0.56 1.73 2.05
5.93 2.16 5.89 6.85 3.89 10.42 8.60 8.82 2.07 1.31 2.09 4.37 5.25
9.84 4.21 10.43 11.91 7.41 16.62 12.75 15.65 4.60 3.83 4.47 7.72 9.28
14.38 7.45 15.82 17.49 12.29 21.44 16.76 21.93 8.68 8.86 8.20 12.05 14.25
17.23 10.72 19.04 20.19 16.23 21.21 18.41 22.68 12.64 14.32 11.77 15.38 17.61
14.48 11.01 15.68 15.71 14.90 13.43 14.09 14.71 12.74 15.24 11.82 13.86 15.10
14.38 14.37 14.64 13.35 16.29 8.17 12.18 9.02 15.75 19.00 14.71 15.15 15.17
10.10 13.62 9.28 7.46 12.49 2.86 7.11 3.14 13.87 16.02 13.17 11.88 10.64
6.03 11.69 4.62 3.06 8.12 0.29 3.14 0.32 10.84 11.26 10.62 8.18 6.22
3.12 10.34 1.62 0.72 4.62 0.00 0.75 0.00 8.45 6.90 8.78 5.35 3.03
1.10 6.85 0.29 0.06 1.77 0.00 0.00 0.00 4.99 2.79 5.63 2.60 0.95
0.24 4.38 0.01 0.00 0.44 0.00 0.00 0.00 2.85 0.27 3.71 1.11 0.16
0.00 2.01 0.00 0.00 0.03 0.00 0.00 0.00 1.31 0.00 2.19 0.32 0.00
0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 1.27 0.05 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.67 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
181 226 183 177 198 164 164 170 223 233 225 194 187
298 416 289 275 328 242 264 250 387 371 401 330 304
505 768 462 430 550 358 428 365 707 589 790 582 503
324 461 308 291 355 253 282 260 433 394 467 364 328
1.295 0.572 0.769 0.638 1.02 0.122 0.365 0.083 2.702 0.15 4.895 2.007 1.078
1.07 0.952 0.893 0.839 0.985 0.661 0.798 0.634 1.406 0.735 1.851 1.248 1
9.47 9.95 11.01 12.91 9.61 10.79 8.86 9.84 12.82 9.77 10.51 12.93 10.29
0.51 0.29 0.32 0.36 0.37 0.24 0.26 0.37 0.37 0.33 0.46 0.4 0.53




GS8 GS9 GS10 GS11 GS12 GS13 GS14 GS15 GS16 GS17 GS22 GS23 GS24
14/02/2020 11/02/2020 11/02/2020 18/02/2020 17/02/2020 11/02/2020 26/02/2020 14/02/2020 26/02/2020 17/02/2020 17/02/2020 26/02/2020 26/02/2020
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.05 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00
0.43 0.83 0.41 0.00 0.98 0.02 0.00 0.09 0.00 0.00 1.31 0.05 0.00
2.26 3.20 1.95 0.13 3.92 0.39 0.10 0.92 0.09 0.08 4.15 0.46 0.26
7.33 8.54 5.83 1.15 10.53 2.41 0.80 4.29 0.76 0.96 9.69 2.01 1.82
13.48 14.18 10.42 3.33 17.05 6.12 2.26 9.50 2.19 3.08 15.00 4.37 4.71
18.57 18.37 14.55 6.41 20.94 10.80 4.38 15.02 4.26 6.26 18.58 7.13 8.44
20.90 19.85 17.69 10.88 20.34 16.33 7.71 19.78 7.44 10.95 19.33 10.56 13.25
18.63 17.44 18.03 14.78 15.52 19.56 11.10 20.56 10.57 15.03 16.54 13.21 16.82
10.69 10.04 12.78 14.05 7.29 15.95 11.39 14.16 10.71 14.29 9.28 11.94 14.90
5.75 5.53 10.10 16.22 2.84 14.54 14.81 10.04 13.77 16.36 4.92 13.51 15.65
1.72 1.72 5.43 13.26 0.51 8.82 13.89 4.42 12.91 13.23 1.06 11.31 11.54
0.23 0.25 2.21 9.41 0.03 4.03 11.72 1.21 11.06 9.29 0.00 8.67 7.18
0.00 0.00 0.54 6.21 0.00 1.01 10.01 0.00 9.92 6.11 0.00 6.88 3.82
0.00 0.00 0.05 2.91 0.00 0.00 6.35 0.00 6.82 2.91 0.00 4.29 1.33
0.00 0.00 0.00 1.08 0.00 0.00 3.79 0.00 4.74 1.15 0.00 2.74 0.26
0.00 0.00 0.00 0.18 0.00 0.00 1.50 0.00 2.78 0.27 0.00 1.53 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 1.45 0.03 0.00 0.81 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 0.00 0.37 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
149 143 154 205 138 181 223 165 225 208 137 192 191
224 219 248 347 204 285 407 251 421 348 212 351 315
338 336 402 596 303 447 739 383 829 597 325 708 526
235 230 266 378 214 301 449 264 482 380 222 412 340
0.488 0.509 0.95 1.102 0.44 0.216 0.621 0.328 1.856 1.562 -0.026 5.215 0.953
0.763 0.782 0.956 1.029 0.74 0.738 0.948 0.747 1.303 1.132 0.637 1.872 0.974
11.48 10.23 11.86 9.95 9.31 10.46 9.83 14.41 9.9 13 10.59 9.82 12.99
0.28 0.22 0.4 0.41 0.26 0.32 0.29 0.25 0.2 0.42 0.35 0.31 0.32









ANALYST AND DATE: Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
SAMPLE TYPE: Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted
TEXTURAL GROUP: Sand Sand Sand
SEDIMENT NAME: Moderately Well Sorted Fine Sand Moderately Well Sorted Medium Sand Moderately Well Sorted Fine Sand
FOLK AND MEAN 244.2 259.1 244.4
WARD METHOD SORTING 1.417 1.470 1.441
(mm) SKEWNESS -0.006 0.006 0.001
KURTOSIS 0.959 0.962 0.964
FOLK AND MEAN: Fine Sand Medium Sand Fine Sand
WARD METHOD SORTING: Moderately Well Sorted Moderately Well Sorted Moderately Well Sorted
(Description) SKEWNESS: Symmetrical Symmetrical Symmetrical
KURTOSIS: Mesokurtic Mesokurtic Mesokurtic
MODE (mm): 230.0 275.0 230.0
D10 (mm): 155.5 157.0 153.4
D50 (mm): 244.7 258.4 244.9
D90 (mm): 386.8 423.8 395.1
(D90 / D10) (mm): 2.487 2.700 2.576
(D90 - D10) (mm): 231.3 266.9 241.7
(D75 / D25) (mm): 1.629 1.707 1.663
(D75 - D25) (mm): 120.5 139.5 126.0
D10 (f): 1.370 1.238 1.340
D50 (f): 2.031 1.953 2.030
D90 (f): 2.685 2.671 2.705
(D90 / D10) (f): 1.959 2.157 2.019
(D90 - D10) (f): 1.314 1.433 1.365
(D75 / D25) (f): 1.419 1.491 1.442
(D75 - D25) (f): 0.704 0.771 0.734
% GRAVEL: 0.0% 0.0% 0.0%
% SAND: 100.0% 100.0% 100.0%
% MUD: 0.0% 0.0% 0.0%
% V COARSE GRAVEL: 0.0% 0.0% 0.0%
% COARSE GRAVEL: 0.0% 0.0% 0.0%
% MEDIUM GRAVEL: 0.0% 0.0% 0.0%
% FINE GRAVEL: 0.0% 0.0% 0.0%
% V FINE GRAVEL: 0.0% 0.0% 0.0%
% V COARSE SAND: 0.0% 0.0% 0.0%
% COARSE SAND: 1.4% 3.8% 2.0%
% MEDIUM SAND: 46.3% 49.4% 45.8%
% FINE SAND: 50.4% 44.6% 49.8%
% V FINE SAND: 1.9% 2.1% 2.3%
% V COARSE SILT: 0.0% 0.0% 0.0%
% COARSE SILT: 0.0% 0.0% 0.0%
% MEDIUM SILT: 0.0% 0.0% 0.0%
% FINE SILT: 0.0% 0.0% 0.0%
% V FINE SILT: 0.0% 0.0% 0.0%








SS4 SS5 SS6 SS7 SS8
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Well Sorted Unimodal, Well Sorted Unimodal, Moderately Well Sorted Unimodal, Well Sorted Unimodal, Moderately Well Sorted
Sand Sand Sand Sand Sand
Well Sorted Medium Sand Well Sorted Fine Sand Moderately Well Sorted Fine Sand Well Sorted Fine Sand Moderately Well Sorted Medium Sand
253.9 242.0 246.4 248.9 254.1
1.411 1.393 1.415 1.394 1.434
0.002 -0.015 -0.002 0.002 0.015
0.955 0.955 0.960 0.953 0.963
Medium Sand Fine Sand Fine Sand Fine Sand Medium Sand
Well Sorted Well Sorted Moderately Well Sorted Well Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
275.0 230.0 230.0 230.0 230.0
161.5 156.7 157.0 160.7 158.9
254.0 242.6 246.8 249.1 253.2
398.1 372.4 389.9 387.2 405.7
2.466 2.376 2.483 2.409 2.553
236.7 215.7 232.9 226.5 246.8
1.620 1.590 1.627 1.597 1.653
123.6 113.1 121.2 117.6 128.7
1.329 1.425 1.359 1.369 1.301
1.977 2.043 2.019 2.005 1.981
2.631 2.674 2.671 2.638 2.654
1.980 1.876 1.966 1.927 2.039
1.302 1.249 1.312 1.269 1.352
1.427 1.390 1.421 1.405 1.448
0.696 0.669 0.702 0.676 0.725
0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
1.7% 0.4% 1.5% 1.3% 2.5%
50.1% 46.1% 47.0% 48.2% 48.9%
47.1% 51.8% 49.7% 49.3% 47.1%
1.2% 1.6% 1.7% 1.2% 1.5%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




SS9 SS10 SS11 SS12 SS13
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted
Sand Sand Sand Sand Sand
Moderately Well Sorted Medium SandModerately Well Sorted Fine SandModerately Well Sorted Medium SandModerately Well Sorted Medium SandModerately Well Sorted Medium Sand
270.4 220.1 291.8 300.2 416.6
1.479 1.461 1.481 1.498 1.614
-0.009 0.003 0.003 0.022 0.002
0.953 0.950 0.950 0.951 0.948
Medium Sand Fine Sand Medium Sand Medium Sand Medium Sand
Moderately Well Sorted Moderately Well Sorted Moderately Well Sorted Moderately Well Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
275.0 230.0 275.0 275.0 385.0
161.6 134.1 177.2 179.8 224.2
270.5 219.8 291.6 298.3 415.9
450.2 357.0 484.5 506.8 775.2
2.786 2.662 2.735 2.819 3.458
288.6 222.9 307.3 327.0 551.1
1.722 1.703 1.731 1.757 1.950
148.7 118.3 162.4 171.1 283.0
1.151 1.486 1.045 0.981 0.367
1.886 2.186 1.778 1.745 1.266
2.630 2.898 2.497 2.476 2.157
2.284 1.951 2.388 2.525 5.874
1.478 1.412 1.451 1.495 1.790
1.524 1.426 1.574 1.611 2.230
0.784 0.768 0.792 0.813 0.963
0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 2.4%
5.2% 0.9% 8.2% 10.5% 33.3%
52.5% 36.1% 56.7% 56.2% 49.7%
40.5% 56.6% 34.3% 32.7% 14.6%
1.8% 6.3% 0.7% 0.6% 0.1%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




SS14 SS15 SS16 SS17 GS1
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Well Sorted Unimodal, Moderately Well Sorted
Sand Sand Sand Sand Sand
Moderately Well Sorted Medium SandModerately Well Sorted Medium SandModerately Well Sorted Medium Sand Well Sorted Fine Sand Moderately Well Sorted Medium Sand
289.4 275.4 328.8 242.2 264.7
1.443 1.421 1.489 1.365 1.462
0.005 0.004 0.014 0.005 -0.003
0.958 0.978 0.958 0.963 0.960
Medium Sand Medium Sand Medium Sand Fine Sand Medium Sand
Moderately Well Sorted Moderately Well Sorted Moderately Well Sorted Well Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
275.0 275.0 325.0 230.0 275.0
181.2 176.7 196.8 160.3 160.8
289.1 275.0 328.1 241.9 264.5
468.5 432.9 553.4 360.5 430.4
2.585 2.450 2.812 2.248 2.677
287.3 256.2 356.6 200.1 269.7
1.670 1.611 1.742 1.541 1.691
150.3 132.3 185.1 105.1 140.2
1.094 1.208 0.854 1.472 1.216
1.790 1.863 1.608 2.047 1.919
2.464 2.500 2.345 2.641 2.637
2.253 2.070 2.748 1.794 2.168
1.370 1.293 1.492 1.169 1.421
1.522 1.453 1.666 1.359 1.491
0.740 0.688 0.800 0.624 0.758
0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
6.5% 3.8% 15.0% 0.3% 3.9%
58.6% 56.7% 59.9% 45.7% 51.8%
34.4% 39.0% 25.0% 53.0% 42.6%
0.4% 0.5% 0.2% 1.0% 1.7%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




GS2 GS3 GS4 GS5 GS6
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Sorted Unimodal, Moderately Well Sorted
Sand Sand Sand Slightly Gravelly Sand Sand
Well Sorted Fine Sand Moderately Well Sorted Medium SandModerately Well Sorted Medium SandSlightly Very Fine Gravelly Medium SandModerately Well Sorted Medium Sand
249.2 391.8 371.6 409.7 332.5
1.350 1.566 1.442 1.635 1.540
-0.006 0.045 0.004 0.079 0.036
0.969 0.960 0.941 0.987 0.962
Fine Sand Medium Sand Medium Sand Medium Sand Medium Sand
Well Sorted Moderately Well Sorted Moderately Well Sorted Moderately Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
230.0 385.0 385.0 385.0 325.0
168.4 222.1 230.2 223.3 191.9
249.7 387.2 371.6 401.6 329.7
368.0 707.2 589.7 795.6 583.2
2.185 3.184 2.562 3.563 3.040
199.6 485.1 359.5 572.3 391.4
1.514 1.867 1.673 1.956 1.824
104.2 247.3 193.0 277.8 202.6
1.442 0.500 0.762 0.330 0.778
2.001 1.369 1.428 1.316 1.601
2.570 2.170 2.119 2.163 2.382
1.782 4.343 2.781 6.556 3.062
1.128 1.671 1.357 1.833 1.604
1.351 1.991 1.701 2.187 1.750
0.598 0.901 0.742 0.968 0.867
0.0% 0.0% 0.0% 0.1% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.1% 0.0%
0.0% 2.0% 0.0% 4.4% 0.4%
0.3% 27.1% 21.2% 28.7% 17.2%
49.6% 55.0% 64.6% 51.5% 56.3%
49.6% 15.9% 14.2% 15.3% 25.9%
0.5% 0.0% 0.0% 0.0% 0.3%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




GS7 GS8 GS9 GS10 GS11
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Moderately Well Sorted Unimodal, Well Sorted Unimodal, Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted
Sand Sand Sand Sand Sand
Moderately Well Sorted Medium Sand Well Sorted Fine Sand Well Sorted Fine Sand Moderately Well Sorted Fine SandModerately Well Sorted Medium Sand
305.9 223.8 218.6 248.4 348.2
1.477 1.384 1.400 1.461 1.520
0.018 -0.006 -0.001 0.015 0.015
0.951 0.967 0.950 0.963 0.946
Medium Sand Fine Sand Fine Sand Fine Sand Medium Sand
Moderately Well Sorted Well Sorted Well Sorted Moderately Well Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
325.0 230.0 230.0 230.0 325.0
185.0 148.9 141.2 153.5 204.4
303.9 224.3 219.1 247.9 347.2
504.8 338.6 336.8 406.8 596.7
2.729 2.274 2.386 2.650 2.920
319.8 189.7 195.6 253.3 392.4
1.726 1.567 1.602 1.693 1.798
168.3 101.8 104.3 132.2 207.1
0.986 1.562 1.570 1.298 0.745
1.718 2.156 2.190 2.012 1.526
2.434 2.748 2.824 2.704 2.291
2.468 1.759 1.799 2.084 3.075
1.448 1.185 1.254 1.406 1.546
1.596 1.354 1.368 1.466 1.770
0.787 0.648 0.680 0.759 0.846
0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.2%
10.4% 0.2% 0.3% 2.8% 19.6%
58.5% 36.8% 34.7% 46.3% 58.3%
30.8% 60.3% 60.9% 48.5% 21.8%
0.3% 2.7% 4.1% 2.4% 0.1%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




GS12 GS13 GS14 GS15 GS16
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Well Sorted Unimodal, Moderately Well Sorted Unimodal, Moderately Well Sorted Unimodal, Well Sorted Unimodal, Moderately Sorted
Sand Sand Sand Sand Sand
Well Sorted Fine Sand Moderately Well Sorted Medium SandModerately Well Sorted Medium Sand Well Sorted Medium Sand Moderately Sorted Medium Sand
205.0 284.5 407.6 250.4 425.4
1.362 1.427 1.595 1.389 1.660
0.018 -0.010 -0.003 -0.001 0.035
0.936 0.948 0.945 0.948 0.956
Fine Sand Medium Sand Medium Sand Medium Sand Medium Sand
Well Sorted Moderately Well Sorted Moderately Well Sorted Well Sorted Moderately Sorted
Symmetrical Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic Mesokurtic
193.5 275.0 385.0 230.0 385.0
136.0 180.0 222.0 162.2 223.7
204.1 284.6 407.0 250.9 421.2
304.3 453.3 745.3 388.0 829.7
2.238 2.519 3.357 2.391 3.709
168.3 273.3 523.2 225.7 606.0
1.546 1.644 1.923 1.591 2.024
89.49 143.1 270.8 117.4 305.4
1.717 1.141 0.424 1.366 0.269
2.292 1.813 1.297 1.995 1.247
2.879 2.474 2.171 2.624 2.160
1.677 2.168 5.118 1.921 8.021
1.162 1.333 1.747 1.258 1.891
1.317 1.494 2.143 1.403 2.397
0.628 0.718 0.943 0.670 1.017
0.0% 0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 1.7% 0.0% 4.8%
0.0% 5.0% 31.9% 1.2% 32.5%
26.2% 58.9% 51.2% 49.2% 48.0%
68.9% 35.7% 15.2% 48.6% 14.7%
5.0% 0.4% 0.1% 1.0% 0.1%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%




GS17 GS22 GS23 GS24
Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020 Anya Podrumac, 4/15/2020
Unimodal, Moderately Well Sorted Unimodal, Well Sorted Unimodal, Moderately Sorted Unimodal, Moderately Well Sorted
Sand Sand Slightly Gravelly Sand Sand
Moderately Well Sorted Medium Sand Well Sorted Fine Sand Slightly Very Fine Gravelly Medium SandModerately Well Sorted Medium Sand
349.5 211.7 358.1 316.6
1.515 1.400 1.663 1.487
0.026 -0.013 0.073 0.012
0.952 0.930 0.984 0.953
Medium Sand Fine Sand Medium Sand Medium Sand
Moderately Well Sorted Well Sorted Moderately Sorted Moderately Well Sorted
Symmetrical Symmetrical Symmetrical Symmetrical
Mesokurtic Mesokurtic Mesokurtic Mesokurtic
325.0 230.0 325.0 325.0
207.8 135.4 190.7 188.9
347.6 212.2 351.3 314.9
598.5 327.4 708.1 530.8
2.880 2.418 3.713 2.810
390.6 192.0 517.4 341.9
1.785 1.618 2.006 1.741
205.3 102.9 252.9 177.0
0.741 1.611 0.498 0.914
1.525 2.237 1.509 1.667
2.267 2.885 2.391 2.404
3.060 1.791 4.800 2.631
1.526 1.274 1.893 1.491
1.760 1.367 2.017 1.632
0.836 0.694 1.004 0.800
0.0% 0.0% 0.0% 0.0%
100.0% 100.0% 100.0% 100.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.3% 0.0% 2.9% 0.0%
19.5% 0.0% 22.6% 12.6%
58.9% 31.8% 50.0% 58.9%
21.3% 62.6% 24.1% 28.2%
0.1% 5.6% 0.5% 0.3%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
0.0% 0.0% 0.0% 0.0%
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Appendix B. Topography and Bathymetry 
 
The sonar was also calibrated to the RTK base stations. Bathymetry data was calibrated to 









Appendix C. Process Data from Oceanographic Instruments 
 
Time series results of all parameters measured for each instrument. Table presents the order 
of appearance and figure numbers. 
 
Site Name Instruments Figure No. 
Site C Nortek Vector 1 
Site D Nortek Aquadopp 2 
Site D RBR Concerto 3 
Site E  Nortek Aquadopp 4 
Site E RBR Concerto 5 
Site F Nortek Aquadopp 6 
Site F RBR Concerto 7 





Site C: Nortek Vector  

















Site D: Nortek Aquadopp 


































Figure 4b: Raw data 
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Figure 6b: Raw data 

















Site H: Nortek Vector 

















Appendix D. Core Logs 
 



























































Appendix E. Core X-rays 
Raw images of x-rays produced from all 9 vibracores. From core 1 on left through to core 9 
on right. 
 
